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The Sixth Series in the Spectrum of Atomic Hydrogen 
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l. Introduction 


The last new series to be cliscovered in th spectrum 
ot atom hydrogen was re ported by Pfund* in 1924 
This series originates in transitions to the fifth orbit 
This had 


the discovery by 


from those of greatet quantum number 
been preceded 2 
Brackett of the series originating in transitions to 
the fourth orbit Joth of = these 
followed closely probably 


vears earlier by 


contributions 
and received considerabk 
impetus from the spectacular experiments of Wood 
in Which he succeeded in exciting exceptionally long 
Balmer series in hydrogen discharges. This spectrum 

f unusual puritv, and of the striking 
contrast between the brilliant lines and dark 
vround between, was called the 


Brackett 


ditions 


was 0 because 
back 
“black dischares 
inferred correctly that the 
the “black 


production ot series 


excitation con 


lavoring discharg 
the 
transitions to levels higher than the 


the fact 


were prere | 
resulting 
second ol 


that the 


series having a 


site to from 
third 
length 
high 
both dependent on the 
of population of the more highly excited 


This conclusion depends on 
of series and the 
level as the 
density 


appear 0 


final state are 


states 
The 


Into the 


extension of the hydrogen farthes 


infrared re 
predict ad by theory has long 
Chis become incr 


considers that 


sp etrum 
additional series 


rion to include 
constituted a challenge 
asingly 
in more than a 
of intensive infrared activity 
developments in 
no further 
spectrum. <A 
knowledge 


has insistent when one 


quarter of a century 
marked by spectacular 
techniques, there has 
infrared extension of the hydrogen 


review of the 


obser Vihv 
been 
state ofl 


present our 


of this spectrum will be followed by a 
discussion of the experimental conditions required 
for the excitation of higher series and utilized in the 
current experiments Of the many compilations 
of hydrogen data, one of the most satisfactory is that 
given by Grotrian The Paschen was 
served, in the range of photography, as far as the 
eighth member by Poetker.’ Brac kett 


Hu 


series ob- 


observ ed 


witht 


he pre« 


only two members of his Pfund found 
only the first member of the series bearing his name 
Table 1 is the locations of 
the first two members of known and predicted series 
The latter include all entries below Pfund-a Pre 
dicted the higher members of infrared 
series including and that of Brac kett 
given by Swensson.” 
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Introduced to pomnt out 


positions ol 


bevond ure 


new mvVvestivgation presented and 
the first 
new series, 647H rie | 
Pfund series 


Brackett series bevond the two origin 


cliscl ineluc obs &rvation of 


hem 


ber of an entirely a second 


member of th and three additional 
members of th 
ally report 7 

2. Experiments 


the 
experunents 


The method of 
adopted in these 
emploved hy 
references 


exciting hvdrogen spectrum 
that 
the 
Geissler 


Meet 


Wass miilas lo 


| } 
earlier observers mentioned 


consisting of a high-current 


\lodifications 
the special requirements ol 


introduced to 
the 
most important of which was the necessity for using 
a transparent tube to per 
mit emergence of with the first 
line of the All reported obser- 
vations of the hydrogen spectrum emphasize the 
difficulty of spectrum be 
cause of the tendeney of hydrogen atoms to associate 


discharge were 


observations the 


window on the lise harge 


enerey associted 


new series at 12.37 u 


maintaining an atomic 
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to form H? molecules, with the attendant develop- 
ment of the many-line molecular spectrum. This 
association is favored in the vicinity of the electrodes 
and is probably caused by a catalytic action by the 
metal Wood's excitation of a pure 
atomic-hydrogen discharge apparently resulted from 
two features of his technique: (1) construction of an 
extremely long tube, of which only the central portion 
was used for end-on observation through a thinly- 
blown bend, and (2) provision for continuous change 
of the hydrogen supply, accomplished by connecting 
a constantly operating exhaust pump to the system, 
and at the same time admitting hydrogen through 
a capillary tube drawn to a fineness determined by 
experiment to give the optimum pressure 

More recent investigations have pointed to the 
advantage of using moist hydrogen. This is made 
obvious by the appearing of the Balmer 
series In a Vacuum system when the last traces of 
moisture are being pumped out This condition 
favoring the atomic spectrum is probably caused by 
liberation of hydrogen in the atomic state upon dis- 
Arnulf and Dun- 


successful 


intense 


sociation of the water molecule 


over” described the design of a tube for produ ing 
atomic-hydrogen discharges of high intensity, fea- 
turing a side tube containing gypsum and trom 


which small amounts of moisture could be liberated 
into the system by heating 

For the current series of experiments, several tubes 
were built and tried out, all of which had the ad- 
vantageous features established by earlier investi- 
gators to the extent permitted by the practical 
requirements of ‘the work. The desirable charac- 
teristics included provision for cooling, associated 
with ability to withstand steady high currents, 
satisfactory attachment of a suitable transparent 
window, and geometric design to provide a region 
of maximum intensity and to permit illumination of 
large-aperture optics. The tube used in obtaining 
the reported data is illustrated schematically in 
figure 1. The principal differences between this and 
other preliminary designs is in the size of the central 
discharge tube. The improved intensity resulting 
from a relatively small capillary, approximately 4 
mm in diameter, more than makes up for the small 


A. Arnulf and L. Dunoyer, Rev. Optique 8, 510 (1930). 


size of the image projected onto the slit of the 
spectrometer. The really unique feature of the 
source operation Was the manner of admittmg hydro- 
ven. Because the use of wet hvdrogen has— 
demonstrated to be advantageous, the idea of intro- 
ducing pure water vapor itself. This 
proved to be successful and also made the replenish- 
ment of hydrogen extremely simple. As indicated, 
a small tube of distilled water was attached to the 
source through a Hopfield leak. This illus- 
trated in figure 1, consists of a crack generated in 
the small blind-end inside the figure-4 
shaped tube with a ring seal. The opening of the 
crack is controlled by a clamp at the crossover point 
of the tubing. In practice, the rate of vapor flow 
was increased somewhat by mounting a radiant 
heater near the water supply. The lens of KBr on 
the end of the tube was used in the final version, 
replacing a flat window. This is one of the lenses 
supplied for a Perkin-Elmer model 21 spectrometer 
which had not been installed owing to prevailing 
low humidity. Actually, the lens made possible a 
considerable increase in the amount of energy that 
could be admitted to the optical svstem. In addi- 
tion to the water cooling the tube was wrapped in 
cotton, over which a continuous stream of water 
flowed The best development of higher series was 
found to be realized when the tube was operated at 
the lowest which a steady discharge 
could be maintained. 

All other components in the setup were conven- 
tional commercially available pieces of apparatus 
The source of power was a 2's-kva transformer. Thi 
output voltage was rated at 5,000. The transformer 
was slightly overloaded at the maximum 
eurrent of 630 ma A variable-voltage autotrans 
former of 40-amp capacity was used to control the 
power supply 

A Perkin-Elmer model 12 
rock-salt prism was used as the dispersing system 
modified only by removal of the housing over the 
source optics to permit advantageous placement of 
the source, and attachment of a simple motor-driven 
gear train for scanning. In the later phases of the 
work, an improvised housing was mounted so as to 
enclose the end of the light source and projecting 
system to permit filling the entire optical path with 
oil-pumped nitrogen for the purpose of eliminating 
water vapor. For the preliminary experiments a 
Hornig thermopile, as used in the early Perkin-Elmer 
models, was used This was later replaced by one of 
the fast-response a-c couples in current production 
A d-c system was used throughout the experiments 
for amplifving and recording the voltage output 
This consisted of a Liston-Folb breaker amplifier 
and a Speedomax recorder. All of the visible com- 
ponents are readily identifiable in figure 2. 

It is apparent that the experimental setup does 
not differ markedly from that used by previous 
observers, particularly in regard to operating charac- 
teristics of the source and specifications of the dis- 
persing system. The use of an amplifying and 
recording system does, however, provide a margin of 
sensitivity that could not be matched in the older 
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appara 


observations with a 


valvanometer 
- The obs rvation of the first line of the sixth SCTLOCS 


po nt by point 


was accomplished after considerable preliminary 
experimentation to achieve optimum conditions. in 
optical adjustment to obtain 


cluding maximum 


S onal strength, choice of the most suitable compo- 
nent ratings in the improvised filtering circuit placed 
between the amplifies and recorder. and selection 
of the most satisfactory amplifier gain. The replace- 
ment of the window with a lens and the substitution 
of the a-« thermopile were made after observation of 
the new line had been confirmed by 
These changes resulted in a marked im- 
provement in signal strength, making it possible to 
reduce the slit width from 1.7 mm, 
obtain the first indications of the line 


sey eral 


records 


necessary to 
to 0.5 mm, the 
Settings used to obtain the records reproduced in 
figures 3 and 4 

\lost of the records were run with a gain such that 
a O.l-uv signal deflection of from 30 to 40 
percent of full scale on the chart. The profiles shown 
in re produc tion of ac tual re ords appeal rather broad 
This is mainly available speed-changing 
rears did not permit selection of optimum ratio of 
Of course, the 
slit widths that necessarily had to be used were much 


rave a 


be niist 


scanning speed to rer ord ( hart speed 


too great to permit development ot true profiles 
The wavelength calibration of the spectrometer was 
accomplished by and 
absorption sources, including a mercury lamp, atmos- 
pheric carbon dioxide and water vapor, and a pol 
film 
new 


using well-known emission 


The determination of the wavelength 
line is not to be 


stvren 


of the regarded as precise 
because fairly broad absorption bands were used for 
calibration in the 12 


f 


region. It is precise enough 


or certain identification, but the numerical wave- 


nae 


length listed is the caleulated value As an extra 
precaution, to make sure that the new line was 
renuine, records were run with a CaF, filter in front 
of the slit to eliminate all radiant energy ot wave 
length greater than 12 including the new line, and 


witha scattering filter to remove all energy of wave 
lengths shorter than about 6.5 wu and to permit the 
new line to pass 


3. Discussion 

Figures 3 and 4 are reproductions of records of the 
first line of the new from a large 
number of similar records. The seale of ordinates 
shown on each figure is to show the relation of de- 


series, selected 
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flection to chart width, one division being equivalent 
Figure 
ovel the 


to five seale divisions on the chart > repre 


sents a considerabl improvement record 


submitted with a recent letter,’ but was obtained b 
using a similar program of observation, namely, to 
record the line and the Pfund line under the 
conditions in compare rbensities 


Figure t shows the best record obtained to date 


new 


same orde! lo 
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Although the observation of the sixth series of 
hvdrogen was the principal experimental objective 
additional records were obtained for the purpose of 


extending known series and obtaining intensity 


comparisons within and between series. The entire 
spectral range available with the rock-salt’ prism 
installation was covered This range extended from 


below Balmer-8 to somewhat bevond the new line of 
the sixth series. Survey records described in the 
auppropriat captions ure reproduced in figures 
> and 6 

Figure 5 shows the entire region from Balmer-8 to 
Pfund-a with some featureless sections removed 
\t the top is shown the first two members of the 
Balmer series, illustrating the intensity decrement 
This is followed, after adjustment for drift, by a 
record of the region from Balmer-a@ to Paschen-a 
Three members of the latter series mav be pic! ed out 
with a fourth probably distinguishable from noise 
The other profiles are unresolved multiplets of O1 
The lowe! section eovers the region including 
Brackett-a@ and Pfund-a The slit width was in 
creased from 70 to 200 uw after traversing Paschen-a 
and the recording Was ucain imnte rrupted to widen the 


slit to 500-u and adjust the zero after passing 
srackett-a@. The recording was made without any 
attempt to remove HO vapor from the path and 
the curve shows the characteristic profile of the 
6.2-u water-vapor band with a slit too wide to 


reveal rotational structure 

Figure 6, representing a record run in the opposite 
direction, covers the same features There is shicl tly 
less noise because of the fact that the a-« thermopil 
of greater sensitivity was used, permitting operation 
on lowet vain settings for the same slit openings 
This run was made with dry nitrogen in the sper 
trometer and in the improvised housing enclosing 


the soures optics The 6.2-u water-Vapol band can 
hardly be seen The uppel and middle sections are 
part of a continuous run. The lower section illus 


trates the condition of partial removal of wate! Vapol 

Table 1 shows that Pfund-8 is located at wave 
length 4.65 yu On the basis of decrements found in 
other series, if is expected to bye about one-sixth to 
one-seventh as intense as Pfund-a@ and about 2 per 
cent of Brackett-a@. Observation of Pfund-8 under 
conditions of the earliet experiments Brackett 
Pfund) was quite hopeless because of inadequate 
sensitivity, coupled with the fact that it would have 
been completely masked in the wide-slit image of 
Brackett-a@ at 4.0 uw. Figure 7 shows the results of 
a very limited amount of work with a PbTe cell 
The Pfund-g line can clearly be seen to the left of 
Brackett-a@ with intensity close to that estimated 
In the lower curve the same line is shown with 
increased amplifier gain. In this case overloading 
prevented a satisfactory representation of the pro- 
file of Brackett-a A difficulty of observing with a 
telluride cell in this region is that the maximum of 
temperature radiation from the tube comes at about 
5 wu. The telluride detector is very sensitive to this 
continuous background The trouble was overcome 
bv greatly diminishing the power input to the source 
at some sacrifice of signal strength 
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fact that all of the Brackett series be vonad the 
lies im the aX 
photo onductive 
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embet wavelength region ot 


tivit\ oft lend sulticle 


—a'Tis 
< made the exploration of this series be vond the 
Brackett appeal 
ire & shows the cde velopment of this 
th a PbS detector Brackett-a 
SCTISILIVIES 
Paschen-a 
Brackett- 


scale of dispersion 


member, as observed by 
promising.  Figt 
as observed w 
included 
Phi > and 5 lines ure 


fal uv ust 


being out of the range of 


We 1] ake Ve loped 


between Brackett-6 and 


partly ov rlaps these lines with th 
inherent in the s certain that they 


svstem It could 


by clearly st parated witha high-resolution spectrom 
ete (As in the other records shown, the lines not 
al fiable with the hydrogen spectrum originate 


in Or, as would be expected when water vapor is 
dissociated in the source. In the lower record 
Paschen-a@ and its companion on the short wav 


a different gain setting 
section displaced vertically 
run attenuation, starting 
just bevond but not including Paschen-a 

final rec inserted the 
alt clopment of the Paschen se ries under the ¢ Xperi- 
mental conditions described and with a PbS detector 
inay be trace 1 to SIX members Poetket 
photographed it up to and including the eighth 
it appears certain that better results could 
be obtained with a grating instrument because of the 


side are attenuated by 


uUSsiInYg 


1} ipper short only 


is a subsequent without 


ord 
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figure is to show 


‘| he SCTICS 
Thhe rib ! 


possibility of separating weak hvdrogen and oxygen 
lines by utilizing both higher dispersion and greater 
resolving The lines, including 
attenuated. The gain setting was 
changed in some instances after the profiles had 
started to develop, or before the background level 
was reached. This is the explanation of the sharp 
pips adjacent to some profiles 
The 
as preliminary to more detailed investigation, which 
will include precise evaluation of intensities, search 


powel! stronger 


Pas hen-a were 


work on hvdrogen to date is to be regarded 
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or new series. extenspon of Known series dete 


conditions required for mani 
Phe study of 


hvdrogen emission spectrum 1 


mination of excttation 
mum development of infrared series 
the excitation of the 
of great astrophysical interest in its 


relation to. the 
theoreti al ¢ xplanation of the long Balmer series with 
small that 
chromosphere stars with extensive gaseous envelopes 
and planetary nebulas \ brief this 
matter with pertinent reference material is given by 
Kiess and Humphire Vs 
in the flash 
of 1940 


tory 


intensitv decrement occur un the solat 


discussion of 


ina report on the intensities 


observed at the solar eclipse 


Correlation of astrophysical with labora 
Brackett 
drogen spectrum produced in his laboratory source 
as arising to a extent from inelastic 
without He offered an explanation that 
was supported by the unexpectedly high ratio of the 
Balmer-a, this reaching 


This 


sper trum 


data is needed regarded the hy 


lara collision 
imnization 


intensity of Paschen-a@ to 


t to 3 in Brackett’s experiments ratio was 
not attained in these experiments, the maximum 
Paschen-a@ to Balmer-a@ being 4 to 5, but even this ts 
surprising, considering the behaviour of the other 
Series 

The most significant information for the inter 

C. C. Kiess and C. J. Humphr Nat. Geograpl oi wr 
rech, Paper Solar Eclipse Ser. 2, ] Me 

2F.S. Brackett, Astrophy 1. 56, 14 122 





pretation of excitation conditions re sponsible lor any 


observed hydrogen spectrum is to be found in inten 
sity relationships, including decrement ratios within 
different 
measurements with a thermo 


nH series and between 
Radiometric 


pile readily lend themselves to intensity determina- 


Intercom partsons 


Hons owing to the essentially nonselective charactet 
of this detector 
relative intensities of several hvdrogen lines as esti 
Kxeept for instances 


Table 2 gives a summary of the 


mated from the observations 
whe re photocondus live cell obs rvations were made 
wavelength intervals as 


within relatively narrow 


for instance, the region from Brackett-3 to Brackett-e 
these Intensity comparisons are based on thermo 
pile observations and should be reasonably precise 
including those for 


subject lo some corrections 


reflection and se uttering by the optical parts 


These corrections, which vary with wavelengths 
have not been made in the preparation of this report 
he exit slit was imaged within the boundaries of the 
receiver for all slit widths used 

Over a vear ago FE. U. Condon suggested to the 
nuthor that it would be of great interest to inter- 
compare intensities of hydrogen lines originating in 
n common upper state 
COUrSE provides cata for evaluating relative probabi- 


lities of transition to various lower states The data 


of table 2 may be used to provide such information 


Such intercomparison of 
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For instance, the first line of the sixth series, Pfund-g 
Brackett-y, and Paschen-é, all originate in a common 
upper level. The table shows that these intensities 
fall within the same order of magnitude. Mechanical 
limitations of the spectrometer prevented extending 
this array to Balmer-e This intercomparison — ts 
pointed out as a very sketchy beginning of something 
that should be carried out more precisely and in 
vreatel detail 

In conclusion, the author ai knowledges with 
thanks the valuable help of L. G. Mundie and A. J 
Cussen in all phases of the experimental work 
1952. 
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National Bureau of Standards Mobile Low-level Sounding 
System 


P. D. Lowell, W. Hakkarinen, and D. L. Randall 








The Na 1! Bureau of Standards Mobile Low-l Sound s ‘ a coml i 
i ! | ved W lsonde and a \r vy SC M-—1A bile athe atio It purpose | ) 
eas ( perature and mois ed ributio and ‘ isn¢ ated grad t and height 
from ear the ground up to &@ maximum height of 2? OOO feet over different tvpes of terran 
The svste has six distinguishing features: 1. Balloon-level heights can be determined at al 
es during a flight by data recorded at the ground level by an electric altimeter 2. Humid 
ty data recorded with this system, which is energized with 60-evcles-per-second alternating 
; irrent, are reliable for longer periods of time than those obtained by direct-current soundit 
systems § The svstem can be operated from wit! the heated truck body and ts suitabl 
n for Us¢ dense fog, at night, or during verv cold weather 1. The air-borne unit is of lighter 
S onstruction because switel g and ventilating of the circuit measuring elements are done by 
il 4 tor instead of a batterv-driven motor 5. The svstem provides a condition of 
7 nee during operatior 6. The svsten = designe 1 to operate nto recorders requiring 
= roamperes of direct « irrent Phe inte gence from the svstem can therefore be 
Is recorded directly on the eq lipment a standard radiosonde receptor installation 
n 1. Definition and Purpose of Equipment the instruments is controlled by reeling the tethered 
cable in or out Under calm conditions the balloon 
The mobile low-level sounding system is a modi- | height can be regulated to stay at one particular level 
lh j fication of that originally designed by P. D. Lowell | and the temperature and mo.sture values of that 
| y ; ah } 
J : ind W. Hakkarinen for the Navy Department, Bu- | jevel studied in detail. The time-lag difficulty of 
; eau of Ships, in combination with an Army SCM-1A | the sensing elements is not so great a handicap in 
\lobile Meteorological Station }1] Its purpose Is this svstem as In the radiosonde system beeause the 
to measure temperature and moisture distributions | elements can remain at a given level until thev are 
ind their associated gradients and heights from near jy equilibrium with the environment 
the ground up to 2,000 ft over different types of 
errain ] BLE 1 Comparison of various meteorological sounding 
+ For tropospheric radio-wave propagation meas- Systems 
irements, it is desirable to know the vertical gradi- 
ents of temperature and humidity causing the : Ser 
: . o? te ' eutur I 
; urvature of transmitted radio energy Booker {2} measur get edge 
» has calculated refractive-index gradients in terms of 
4 . 
temperature and moisture gradients for a well-mixed Rad ! i ‘ ( ‘ ( g12toINk 
, r Ve eratu tructu cae 
aver of air having, at its top, a temperature of 50 be 
KF. a specific humidity of 6.7 ¢ kg, and a pressure of ing 
015 mb. For this layer the critical values that Refractive Ceiling 50 to | 
vould produce refraction equal to the curvature of ; - . ide 
the earth are (1) a specific humidity gradient of 0.5 hur 
r/ke)/100 ft, and (2) a temperature gradient of 
= . A 7 a \ , MI (0 eam Joe 758 
2° F/100 ft. AItitude, tem aot : 
Sharp atmospheric refractive-index changes are nal 
those that occur ina distance ec of the ordet of a wave- ! 
length. For radio communication using 100-Me 
transmission, this requires measuring the cradients 
for layers as thin as 10 ft, as well as those for thicket 
layers. Table 1 provides a comparison of the salient 2. Components 
features of various meteorological sounding systems 
nh existence prior to the development of the NBS Low-level wiredsonde observations are made with 
quipment equipment originally designed by P. D. Lowell and 


+ 


Low-level wiredsonde measuring systems are an | W, Hakkarinen. This system consists of an au 
ittempt to combine the mobility and height of the borne unit. a three-conductor cable, a cable-length 
idiosonde measuring sy stem with the fine-grained controlling reel, an electronic panel, and it recordet 
neasurements possible in the tower system \ete- The air-borne unit, which measures pressure, tem 
orological sensing elements are supported by a perature, and humidity is connected by the three 
ethered kite, balloon, or kytoon, and the height of | conductor cable, through a slip-ring contacts on 
Senin Tey the cable reel to the electronic panel and recordet 
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Figure 1 shows a mobile adaptation of the svstem 


deseribed herein 


Air-borne-unit support. The air-borne unit is sup 


Ib in dead calm 
consists ol a gravity motor 
Laine! clamped to the side 


At the upper end of the tube 
eravity motor draws air thro 
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arity-motor assembly drawing 


ol 


but the combination ts not so stable as the arrang 
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Air-borne unit. The air-borne unit (figs. 2, 3 

aluminum tube thi 
houses the regular radiosonde temperature and 
humidity elements, and the pressure-element con- 


ported by a palit of kv toons or a combination of 
several N-4 balloons in combination with a 7 
kite. With the latter combination, it is possible to 
secure any desired height by adding more balloons, 


ft 


ment of two kytoons tied side by side in a horizontal 
plane. The kvtoon combination has a free lift of 4 
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the aluminum tube 


blower driven by the 
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Figure 3 l borne equ 


pment, 


tit yagh nu Vent in the side of the blowe1 housing 


The gravity motor also switches the pressure 
nperature, humidity, and external reference ele 
ents into the measuring cireuit This 
tor is driven by the weight of the tethermme ling 
d the an borne Instruments suspended from the 
pporting balloon \ 40-ft 


vound around the drum 


vrround 


length of nvlon cord 
of the gravity motor and 


whed to the balloon The rovernol mnsothe 
tor is set so that a tension of 4 lb in the nvlon 
drives the blower at about 1,000 rpm and 
the contacts on the commutator switch 
ximately every 7 se¢ The governor is eiie« 


no makine the blower as the 
\ possibly 


rans ¢ 


speed vary directly 
ire root of the tension i the cord 
fication of this relationship is to 
f the wind speed at the balloon level 
» the ground In actual flight tests 
quires about 35 min for the 40-ft length of cord 


FrOSs 


mwound 


) eome 

Mh pressure element consists toa berviliun 

ypper pressure capsule mounted on a rigid cast 
num rectangular frames The pressure caps ile 


fastened to the bottom inside center of the frame 
screx connection made through its bas \ 
\l netal bar is centered through its face and solder 


capsuls This bat 
-shaped \lu-metal 
the flux of which is controlled by a coil of about 
S50 turns of No 1) copper wire The 
on of the 
nin support and is spring hinged to the cast 
binum frame near the coil The au 
veen the \Lu-metal bar and the 
| by two controls—a_ coarse-threaded 
threaded shaft These 
pressure against the top 
nd extreme end of the duralumin support 
posite the spring hinge \ thumb wheel on the 
d of the fine-adjustment shaft is used to make the 
al settings of the air gap between the Mu-metal 
late held by the 
This thumb wheel is turned against 
i tight friction bearing for close setting. These two 
vijustment controls are operated from the top of 
he aluminum casting. The aluminum casting fits 
snugly in the pressure-element housing, which is 
suspended during flight so as to minimize the effects 
| centrifugal force on the pressure capsule and the 
\I i-metal plate as the instruments swing about on 
th line. 


»> the stem of the pressure 


mopletes a Machnetic circuit ina 


shape 7 


magpetic circuit Is mounted on a 


gap distance 
shaped macnet 
adypusted 
hine serew and a finely 
Isthent screws exert 
core 


D 


pressure-capsule stem and thi 
shaped « re 


The slightest expansion of the pressure capsule 


1n0f 9 





with nereasing changes thre reluctanes 
through thie 
netie cireuit by increasing the air gap over part of the 
circuit path Magnetic flux through the high 
permeability core and the variable air gap induced 


bv th 


energized by 60-c’s alternating 


above-deseribed high pe rmeabilitv mag 


Which is 
current Thus, the 
through the Vial abl vir gap " the 
lines of 
magnets [Vv passing through the cor of th 
coil and henee th 
nsoa funetion of pressul 
lemperature element The 
radiosond type thermistors con 
parallel, These thermistors require 4.4 
sec to tadicate 63 percent of a sudden temperature 
change at a ventilation speed of SOO ft min The 
| neth of on ol th ~ rod th rmiistors is about 1oan 
nd its diameter is 0.052 in Thes 
mounted on al etangular Bak lite frame that slides 
through thr 
tub The opposite end of this tube is fitted with 
an aluminum cap that holds the tube rigidly in the 
larger 2 n.-diameter aluminum tube of the au 
born unit Vent lat ne 
cap and in the end of the internal tube near the cap 
from thy 
humiicdits 
nternal tube are brought out of the ventilating 
nN the top of the 


nbove-mentioned coil of wu 
pressure cell 


magnetic eireuit, controls the number of 


/ 


rHaLELeC tL mpedan of the coil 


Lemperabure clement 
eonsists of two 


nected Le 


thermistors are 


open end of an aluminum supporting 


holes are provided in’ the 


support The connecting leads frame 
that supports the thermistors and 
ima the 
hole in the cap toa pl i ret 
pressure-capsule containe! 

Hlumidity element 1} The humidity element is 
the radiosonde strip hvgromet I This element con 
sists of two spaced conductors supported along the 
edges of a thin, narrow 
dielectric material. The strip and conductors are 
covered with a film of polyvinyl alcohol containing 
lithium chloride 

Three-conductor cable The three-conductor cable 
1 


that connects the air-borne unit to the reel, the 


strip 


prtare le 


piece of nonhvegros« opi 


electronic panel, and to the recorder is made of 
No. 30 aluminum wire wrapped around a central 
nvlon strength member. The cable is enclosed in a 
waterproof nvlon cover and has a resistance of 1 
megohm 1.000 ft between conductors and a resist- 





its tensile 


(0 ohms 1,000 ft along the conductors 
weight of the eable is 2 Ib/1.000 tt 
strength is 100 Ib 

Ground pulley. An pulley is 


provided to allow the cable to rise trom the vround 


ance of 
and 
omni-direc tional 
in any direction (see fig. 5 This pulley is necessary 
the tethering cable and ts usually placed 
about 100 ft from the space free from 
eround obstructions 

( able length control The le ngth ol the thre is 
conductor cable is regulated by a motor-driven reel 
Slip-ring contacts on the axle of the reel connect the 
air-borne 
panel \ rm versible 
drives the reel shaft through a 
and allows the reel speed to be controlled to a manxi- 
mum of 60 rpm in either This arrange- 
ment climinates any sudden jerks on the cable 
vided that 
and reverse 


lo protect 
truck im a 


instruments electrically to the electronic 


variable-speed transmission 


0-to-l worm geal 
direction 
pro- 
used to start. 

An nuto 
distributes 


only the transmission is 
the direction of the reel 


level 


matic-spacing mechanism windel 


the cable in even lavers 


electron if panel The eleetrocut panel hiv +) 
contains an eleetron-tube circuit: that expresses the 
impedances of Pressure temperature humidity, and 


reference elements in terms of direct-current values 


The sensing clements ure swite hed nto one arm of a 
circuit of a 
the erid 
current from passing through the se psinge elements 
The transformer plate and grid 
voltages to the make 
these supply voltages 180 degrees out of phase with 
other Thus, with the minimum value of 
impedance to be measured in the sensiag circuit, the 
the low 

entire 


voltage-dividet network in the grid 


6S)7 tube in a manner so as to prevent 
windings for the 
OS.17 tube are connected to 
each 


bias on the grid is essentially at cut-off for 
plate and 
panel is supplied 
HOl-c s power 


voltages employed The 
from a ulated 


screen 

wie I] rey souree of 
two of 1,500 ohms 

R6, R7, RS, and RSA 


Four precision resistor units 
each and two of 3.000 ohms each 





Fiaure 5 j oon tethering pulle 


connected in series can be inserted m the cireuit by 
S2 and $5 for calibrating the plate current meter ce 
flections. The recorder-division deflections are 90.0 
68.0. 45.0. and 6.2 respectively, on a 100-unit full 
range chart. These values are obtained by adjusting 
R3, R12. and R2 R2 is set to the middle of its 
range for these calibration-current values. R3 is a 
voltage divider for selecting the desired erid poten 
tial and is adjusted in conjunction with R12 (voltag 
divide: for the screen potential) so that tubes having 
a fairly large variation in transconductance can be 
used to provide the calibration-current values. Thus 
the circuit is not critical as to the selection of tubes 
or to the normal aging effects of them. Having set 
R3 and R12 to get the desired readings, it is generally 
only necessary to slightly adjust R? to set the re 
corder pen on the reference readings. With 2,000 ft 
of the three-conductor cable, or the circuit compen- 
sated for this length of cable, the external reference 
in the air borne unit is 79.0 on the 

The rectified plate current indicated on the re 
corder is determined by both the amplitude of the 
grid-cathode voltage and the phase relationship ol 
that voltage with respect to the instantaneous plats 
and sereen grid voltages For this reason, the circuit 
can measure high resistances in the sensing positions 
at the end of 2,000 ft of cable, although it appears 
that the shunt capacitative reactance of the cabl 


ree order sf ale 


. . | >= 
approximately 35,000 ohms, would limit the maxi 
mum measurable resistance 
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FicurRe 6 Schematic diagram oft the electronic panel. 
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he shunt resistors in parallel with the sensing ele 
nts are used to limit the 
tween 1,500 and 10,000 ohms This is necessary 
order to get sufficient sensitivity in measuring 
eh humidities, which cause the humidity element 
have a resistance of about 1,800 obms P 
“7 third wire of the cable is grounded to prevent 
charges due to the earth’s potential gradient or 
wei air currents from causing disturbing fluctua 
tions in the 
ction with its statie-discharge point, as a means 
seep cloud-induced charges in the cable 
ding up to lightning-discharge proportions 
The miecroammetet! and the recordet 
Ml and an. respectively, are protected nevainst exces 
urrent bv a fast-acting relay cireuit 
he relay in the plate circuit of the 65K7 tube places 
irect short across JL and J2 and 


measured resistance 


measurements It also serves, in con 
from 
connected to 
overload 


also operates an 


rload indicator light when the plate current of 
i OSA7 tube becomes eANCeSSIVEG The orid 1 bias ol 
lay control tube is determined 4. the plate 


ent of the 68J7 flowing through resistors R15 and 

R16 The screen grid voltage on the relay control 

is set by an adjustment of R14 so that the relay 

ses when more than 700 ga flow through J1 and J2 

Three calibrations are required for operation of the 

with the equipment: the first determines the 

Ibe Sensitivity the second locates the reference 
points for a full 2,000-ft length of cable inserted 

land 5, and the third is performed 

reference points in case of cable 


tween conpectors 
to obtain these 
breakage 

Tuhe-se neiticity calibration 


S3B are set in the 
Switeh SZ 


Switches S3.A and 
internal circuit, or up, position 
placing C2, which simulates the 
capacity of the cable, in the ecireuit The recorder 
deflection reference positions 90.0, 68.0, 45.0, and 6.2 
are obtained when R6, R7, RS, and RSA are in the 
circuit. These leflection values should be 
peatable when a constant 115-v current is used to 
operate the panel In the case 6SJ7 tube is changed 
or becomes aged, R2 and R12 are jointly adjusted 
intil the above reference positions are obtained 
2. Full-length-cable ca Insert the 2,000- 
ngth of cable for which the panel is designed 
between connectors 1 and 5 Put SSA and S3B 
the external, or down, position and open S2. Set 
RY and S4 and S7 in the minimum position. Insert 
R6, R7, RS, RSA, and conductor 1 by means of 
switch S5 between Cl and R5. Without changing 
R2 ol R12 the recorder-reference 
be approximately the same as those found for the 
tube-sensitivity calibration. These values should 
he recorded and referred to for future calibration. 
Shortened le ngth of cable calibration \leasure 
the resistance of one conductor of the rejected 
and with an ohmmeter, adjust 
Insert the 
shorte ned length of cable between connectors i and 5 
Put S8A and S3B in the external or down position 
vith S2 open Insert R6, R7, R&, RSA, RY, and 
conductor 1 into the circuit between Cl and R5 by 
the switch S5. Without changing R2 or R12, 


Is ¢ losed 


ree orc 4 


libration 


positions should 


broken piece of cable. 
RY to au position of twice this value 








adjust S4 and S7 to re produce the recorded calibra 


tion posiPens ob tau 
YoVe aa Barto ne Jyh Bie le = provided undet all 


conditions of pressure bv a set of 7-in. fan blades 
that are driven through a mercury-seal 
tight bearing at the bottom of chamber The bear 
ng shaft is coupled through a flexible 
Hoo) rpm 


pressure 


rubber hose 


motor The construction of — the 
mercury-seal bearing 

The humidity box 
calibration chamber The 
temperature and humidity 
\ ring, the same size as the tube on which 
this frame fits in the holds the tem 
perature an inch over 


to oa 
is shown in figure 7 
fig. S) fits inside the 
frame for the 
elements is enclosed in 


pore SSuire 


mounting 


this box 
airborne unit 
and humidity elements about 


a trav containing a saturated salt solution (see table 


2 \ small, motor-driven, centrifug 
air from over the salt solution and blows it onto the 


al blower draws 
bulbs of drv- and wet-bulb thermometers, and 
thence into the thermistor 
The walls and bottom of the 
top is made of Lucite 


humiditv-strip support 
calibration box are 
aluminum, but the 
The motor is mounted on the outside of the box and 


made of 


is magnetically coupled to drive the ventilating fan 
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The dry- and wet-bulb thermometers are supported 
through a rubber sloppel that plugs into this top 
used as a standard measure- 
the atmos- 


These thermometers are 
ment of temperature 
phere of the humidity box 


and humidity for 


3. Calibration Procedures 


3.1. Pressure 


The altimeter element registers the absolute pres- 
sure at the level of the air-borne equipment and is 
used to measure the diiference in pressure between 
that level and the ground \ calibration curve for 


measuring these diiterences is constructed from data 


obtained by calibrating the altimeter im the sealed 
multipurpose calibration chamber against a precision 
aneroid barometer 

The air-borne unit is installed in the multipurpose 
calibration chamber and electrically connected to the 
three-conductor cable that leads to the cleetronic 
panel, and recorder. The altimeter is then adjusted 
the reads 70 corresponding to the 
ambient or station pressure 
| 


reel 
until recordet 
Simultaneous readings 
deflection and 
the 


pressures for 5 evecles 


are then taken of recordet aneroid- 


barometer ovel range of 
LOL to O50 mb nt 


The calibrations were made so that the difference in 


5-mb intervals 


the re mraler deflections between consecutive 5-mb 
intervals in the same evele were obtained over three 
pressure levels These sets of recorde! division dif 
ferences were averaged and used with the corre- 
sponding pressure diTerences. The data given in 
table 3 were used to construct a calibration curve of 
pressure diferences versus recorder-deflection  dif- 
ference (fig. 9 
Paste 3 Departures mthe w ’ } ’ lual recorde 
j S ; j ; ; fy he 
y nn 5 rm ) ¥ WA 


This curve was considered to hold for all 50-mb 
intervals from the station pressure (say from 1,020 
to 970 or from 1,010 to 960 the altimeter 
when at the surface was always set to give a recorder 
deflection of 70, regardless of the station pressure; 
(2) these beryllium-copper capsules had linear pres- 
sure-expansion curves with a premissible l-mb devi- 
ation, as specified by the manufacturer; and (3) the 
pressure, recorder-division calibration curve was not 
effected by temperature changes, as determined by 
test 


because (1 


12 





49 _ 


45 


” 
= 
a 
o 
2 
” 
” 
ww 
x 
a 


LON LEVEL 
o 





MINUS BAL 


PRESS 


vE 





SURFACE 
uw 
errr 
r 

} 
| 


4 ~ © bY 34 3864 46 5 4 58 6 66 4 78 
RECORDER DivISONS 
hr rev Pre } ( / 
As a check on this linearity, a bervllium-copper 


capsule similar to that used in the altimeter was 
mounted ina bell jar so that it expanded avainst the 
level arin of a dial vac, Which wis calibrated tt read 
ten-thousandths of an inch and from which it was 
possible to estimate values of half a ten-thousandth 
ofaninch. A sensitive aneroid barometer, calibrated 
to -mb intervals Wis used to Ineasure the pressure 
inside the evacuated bell jar. Simultaneous readings 
of the barometer deflection and the capsule expansion 
were then made every 5 mb over the pressure range 
995 to 940 \ straight line, fitted to the 10 


readings thus obtained, showed that the expansion 


mb 


of the ( apsule Wiis linear insotar as it Was possible to 
measure it 


3.2. Temperature 


The temperature element is a rod thermistor of 
the type used in the radiosonde A convenient way 
to calibrate this thermistor is to a Wheatstone 
bridge, a temperature-controlled oil bath, and an 
Because the change 


use 


accurate mercurial thermometer 
in temperature of the oil bath takes place very slowly, 
the Wheatstone bridge can be set for balance at a 
given resistance position and the temperature read 
on the thermometer exactly at the time the bridge 
comes to balance 

Sixty-eight evenly spaced readings were made in 
this fashion for two complete cycles over the range 
from 0° to 40° C. The temperature values were 
plotted to hundredths and the resistance values to 
the nearest ohm, and a smooth curve drawn to fit 
the greatest number of points. The departures 
from the curve in degrees centigrade were tabulated 
from the 68 points, and the average was found to 
be 0.07 deg C. 

The temperature -versus-resistance calibration 
curve holds throughout the life of a particular 
thermistor. It is necessary to calibrate each thermis- 
tor used in the air-borne unit in this fashion (fig. 10) 

To calibrate the recorder, a decade resistance box 
was connected in place of the rod thermistor in the 
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ed m so that condensation will be retarded on these — a a 
to , irfaces The box Is cooled to the lowest tempera- 

: ture at which observations are to be taken and a Wheatstone bride and thre humidity percentage 
on LV containing a saturated salt solution is inserted are computed from the dry- and wet-bulb t mipera 
ar \fter humidity equilibrrum has been reached, | tures This procedure is followed for humidity 
ISs- I iltaneous readings are taken of the resistance atmosphers sof 13. 32, 53, 76 and 95 percent 
) : f the hvgrometer strip and of the wet- and drv- Forty-six pots wert thus plotted These values 
OX mS bulb thermometers The 60-cyele a-c resistance | were compared with another, much more extensive 
he es of the strip are read from the dials of the 60-evele a-c calibration of the strip hvgrometer 
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made by another laboratory These data covered 
® range from 10° to 10° C. for humidities from 
5 to 95 percent. The logarithims of the resistances 
plotted the temperatures. Curved 
diagonal lines were drawn the chart for 
every five relative-humidity units (fig. 12). Figure 13 
chart relative-humidity- 


versus-recorder divisions 


were uvuinst 


MCcTroOss 
' 
calibration showing 


Is 


4. Flight Computations 


Two types of computations, height and refractiv- 
ity, are made from the data recorded during a low- 
level sounding flight Each revolution of the balloon- 
borne gray itv-motor commutator gives an indication 
of a value of pressure, temperature, and humidity on 
the recorder trace in the truck for a particular point 
in space. The revolutions of the commutator are 
numbered on the recorder chart, and these numbers 
are used to identify the point data taken during a 


sounding. In an ordinary 40-min flight there are 
about $20 such points. The refractivity and height 
are worked out and tabulated for each of these 
positions These pomts are then plotted on a 
graph with refractivitvy values as abscissas and 
height as ordimates The work involved in the 


construction of this graph is simplified by the use 
of altitude charts. The formulas for these charts 
follow 

Altitude-com putation charts Three alti- 
tude-computation charts were prepared to cover the 
range from 928 to 1,050 mb. One of these charts is 


y 
formula 
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Fiaure 14. Altitude computation chart (968 to 1,012 mb.) 
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shown in figure 14.) The charts are based on 


formula {6, 7] 
/1—67.4038 Ty, (log 1,050—log P 

/7 is the altitude, in meters, above the 1.050-mb 
surface; 7), is the mean virtual temperature of the 
laver whose height is measured and is equal to 
Ty [1+ O.376(6 p)y), in which (¢ p)yy is the mean value 
of the ratio of the water-vapor pressure to the actual 
pressure throughout the laver, 7, is the actual mean 
temperature of the laver whose height is measured 
and / is the pressure at the level of the surface whose 
height is measured above the 1,050-mb surface. A 
table of logarithms to the base 10 is used for sub 
stituting these pressure values in the formula 

In practice, over the short height intervals 
than 650 m) for which these charts are designed, it is 
sufficient to use the mean of the balloon-level and 
surface-level temperature for Ty 

Re fractive-indes com putation formula The retrac 
tivity of the air, .V, is computed from the tempera- 
ture, pressure, and humidity measurements by use 
of the following formula [10] 


less 


) ‘ 
V=(n—1)10 , ( p 1810 7) 
rw Op 3.7. 10O°’¢ Ril 
T T , 
where p is the total pressure in millibars, 7 is the 


Kelvin, ¢ is the 
is the 


absolute temperature in degrees 
partial pressure of water vapor in millibars, « 
saturation vapor pressure in millibars, n is the refrac- 
tive index of the air, and (PR/7) is the relative himidity 
in percent. A special slide rule for this computation 
has been developed by Weintraub [11] 

Illustrative ¢ ram ple s of flight computations. Figure 
15 is a reproduction of a portion of a low-level sound- 
ing flight started at 11:50 a. m. on August 31, 1950 
As explained previously, the sequences of pressure, 
relative humidity, and temperature measurements 
are numbered and tabulated corresponding to the 
revolutions of the balloon-borne gravity motor 
table 4) No corrections are applied to the deflee- 
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Figure 15. Flight-record sample. 
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ae 


ons because the eXxte rnal reterence position rennains 
ved 

Che calibration curves (figs. 9, 11, 13) are used to 
ibtain the temperature, humidity, and 
respectively The height of the balloon 
evel above the surface is found by using the altitude 
omputation chart fig. 14 and the corresponding 
efractivity value, .V, is determined by use of the 
efractivitv formula given above 

Sam ple halloon herght com putation lov halloon flight 


pressure 


ee ee 


values 


tact No. 14. Given: balloon-level pressure of 
4 

001.0 mb, surface-level pressure of 1,006.8) mb 
} ind mean temperature, (28.6 + 27.6) 2, or 28.1° C 


Figure 14 gives the height of the balloon above the 

050-mb surface for a mean temperature of 28.1° C 

is 421 m and the height of the ground above the 

050-mb surface for the same mean temperature as 

71m The height of the balloon above the ground 
71 


i21—3 50 m 
Sam ple halloon-flight 
tact No. 1 Given: Pressure at balloon level is 
001.0 mb temperature at balloon level is 27.5° C 
27.5 4-273 —300.5° AK. relative humidity at balloon 
level is 77 percent, the saturation vapor pressure is 
5.71 mb [12] 





elractii fy com putation lov 


17.60 LOOL.O | 3.73 10 


36.71 ‘¢ 


300.5 300.5 


5. Results of Checks and Flight Tests 


The humidity and pressure (altitude) calibrations 
of the svstem were checked under field-test or cali- 
bration-chamber conditions. It was not believed 
to perform a calibration-chamber check 
on the temperature calibration of the system because 
between the mercurial thermometer 
ind air-borne unit in a well-ventilated instrument 
shelter showed little difference between two readings, 
hat is, the values checked within deg C The 
variation in temperatures read from two mercurial 
thermometers suspended under similar conditions in 


ecessary 


Comparisons 


the shelter was also of this order of magnitude 





Humidity The humidity cheek consisted of 101 
comparisons of strip-hygrometer and dry- and wet 
bulb humidity values in the huraidity compartment 
of the multipurpose calibration 
separate hygrometer strips were making 
these comparisons: the hygrometer strips were taken 
from a 


chamber Five 


used in 


production lot that met a manufacturing 
J-percent humidity when 
Noattempt was made to estab 
ish a lock-in or check point for any strip in order to get 


the greatest accuracy from it 


tolerance of relative 


used in a radiosonde 


The vrentest dey tion 
between the obser ved values was 5 per ent The (X- 
posure life of the first strip was 26 hr; the second, 72 hi 
the third, 20 hr; the fourth, 4 hr; and the fifth strip was 
still good after 3 hi The first three strips were used 
for measurements about 6 hr at the beginning of the 
test and then for about | hrat the end. The fourth 
and fifth strips were used continuously. Tt is gener 
ally believed that the life of a humidity 
about | hier 


strip ts 
but with the use of G0-c.s current in the 
measuring circuit, the life was extended considerably 
The strip hygrometer was placed in an airtight 
compartment that provided an approximately con 
stant humidity atmosphere. The temperature of 
this compartment was varied by applying heat or 
and the humidity 
varied by changing the salt solutions in the com 
partment 


cold to the multipurpose chambet 


The range of humidity covered was from 
20 to 94 percent at controlled temperatures of from 

7) to 3 < The standard deviation of the 
humidities indicated by the calibration svstem = as 
compared to the dryv- and wet-bulb humidity was 
ye percent 


Altitude An 


observations comparing heights 


extensive test consisting of 1) 
measured by the 
balloon-borne altimeter of the low-level sounding 
svstem and those found by double theodolite tri 
angulation was made. For these results, over the 
range from 0 to 137 m, the combined standard devi 
ations of the two svstems was 3.5 percent This 
taking the standard devia 
tion of all 40 of the individual ratios formed by cor 
responding pairs of height values about unity 

The heights used for checking the altimeter values 
were measured by two theodolites stationed at the 
ends of a level 100-m base line The tethermyg pul 
ley of the balloon cable was placed 50 m to the 
leeward side of the midpoimet of the base line Bal 
loon heights were computed from the altimeter data 
and by each of the theodolites The mean of the 
theodolite heights for each point Was compared with 
the corresponding altimeter value by forming the 
ratio of altimeter height to mean theodolite height 
The standard deviation of these ratio values from 
unity was computed table 5 

The check of the altimeter by the double theodo- 
lite method also afforded an opportunity to compare 
balloon heights determined by the length-of-cable 
elevation-angle h, and the double-theodolite-tri 
angulation (A;) methods. For this test the tethering 


value was obtamed by 








pulley to the balloon was located at one of the theod- | seem obvious ] The height by length-of-cable 
method is always the same or greater than that by 
the double-theodolite method. (2) The variation 
in height determinations between the two systems 
than at high average surface-wind 
speeds. This is important to remember becaus« 


olite stations. Table 6 shows the results of such a 


comparison 
Although these data are not extensive enough for 
reliable statistical analvsis, the following conclusions | is greater at low 





Tante 5. Comparison of balloon heights mea i by the | sharp temperature and moisture stratification occurs 
theodolites and the altimete at low wind speeds 
pt Any: 6. Status and Future Improvements 
The National Bureau of Standards low-level 
a0 sounding system in its present state of development 
. ae S : is a usable svstem. The altimeter is designed to be } 
nd ‘ accurate within 50 ft, or less, up to heights of 
2 2.000 ft This accuracy can be easily met, and 
a6 ‘ ‘ up to heights of 600 ft, double this accuracy can be 
‘ obtained The double-theodolite altimetet tests 
show that at a height of 528 ft the combined erro: 
~ - of both systems is 11 ft and that this error is 
. ‘ , proportional to the height. This means that the 
; ae ~ 3 error of the altimeter itself is less than 11 ft 
: " With care and critical adjustment, the altimeter: 
nv. S74 “ . can be initially set to record surface pressure within 


110mb Within the first 200 ft above the ground 
elevation changes of-6 ft are readily detectabl 
The possibilities of future improvement of this 
. . . ; system are numerous. It appears that the sensitivity 
of the svstem can be further increased by amplifving 
the grid-cireuit signal. This will permit decreasing 
the current flowing through the sensing elements 
and make it possible to use quicker responding | 
temperature clements, such as a bead thermistor 
which has a l-see time lag in zero ventilation 
The life of the strip hygrometer for high humidity 
: values should also be further increased by using 
this decreased current 
The following are some of the othe possible 
applications of thissystem: (1) To detect the density 
. . : of fog or smoke by photometric means A photront - 
tv pe photocell can be used as a sensing element so 
that illumination values from total darkness to 


scunicn muted _ bright sunlight can be measured over the full range 
of the recorder scale 2) To measure wind speed 
relative to the ground. The switching rate of the 
, . gravitv motor is a function of line tension as con- 
trolled by the force of the wind on the system 
3 To investigate static charges in the lower 
at atmosphere. The use of an electron tube in the 
panel measuring circuit makes it possible to measure 
a , _ ' potentials as a function of heights and charged air 
_ oi ; currents The effects of these potentials interfered ! 
5 - os 2 ‘ with the measurement of pressure, temperature, 
n rf 2 ‘ and humidity by the system before one of the 
. ‘ 4 — : conductors of the cable was grounded 
‘ : In preparing this report, the authors are indebted 
, . to many people for assistance and information, but 
b be . particular acknowledgment is due E. E. King, 
W. W. Warren, and Leo L. Hughes, for their valuable 
“W he ra ‘ suggestions and faithful services. 


16 





7. References 





thoth- SOO 


4A 











For polar polymers undergoing 


tric losses from dielectric constant data by 
from its applicati to mechanical 


part of the dieleciric constant only and if 


available 
for a copol 
and cal 


Data obtained at 
Viner of stvrene 
ated values of the dielectr 

Equations relating the real and the imaginary 

irts of the dielectric constant have been viven, but 

not in general use because the equations involved 
cumbersome [1, 2, 3] Workers interested in the 
wechanical behavior of high polymers have shown 
ow the real and the imaginary parts of the modulus 

f rigidity are related through a distribution function 
t} and how this function can be obtained by an approx- 
mation method from the real part of the modulus [5, 6] 
ind from both real and imaginary parts [7]. It will 
e shown how the dieles tric loss can be eal ulated 
rom dielectric data by an 
ipproximation method 

The Debve equations [|S] 





constant analogous 
generalized for a distri- 
uution of capacitance elements with resistance ele- 
nents in parallel [9], each with its characteristic 
elaxation time, mathematically equivalent to a me 
chanical retardation time, are 


fn f eee pee, tb 
] 


vhere e’, e’’ are the real and the imaginary parts of the 
dielectric constant, w is the angular frequency, 7 is the 
elaxation time and y(r) is the distribution of relaxa- 

For mathematical convenience, we de- 

Yiln r)d In r. The cut-off approxima- 
' 7) assuming the integrands in (la), (1b 
to vanish for 27 >1 and to reduce to their numerators 
lor wr<l 


tion times 
fine y(r)dr 


110n » 


cives 


—_ Y (In r)dIn + 2a 


e wr Y(in r)d In +. 2b 


2a) gives agreement with (la) well within the graph- 
al error involved in the calculations, whereas values 

e’’ calculated from (2b) are generally 30 to 40 
percent low when compared to those obtained from 


es 


the end 


ires in br 


ackets indicate the literature references at 








A Simple Calculation of Dielectric Loss from Dielectric 
Dispersion for Polar Polymers 


Paul Ehrlich 


orientati 
ise Of @ sil 
properties 
lata over 
frequencies from 
and methyl methacrvlate are analyzed and it is fo 


polarization it is possible to calculate dielec 
gle approximation already familiar 
approximation is applied to the real 
a sufficiently frequency range are 


mad for Butvar and 


if this 
wide 

1 to 10° eveles per sec 
ind that observed 
ree withit 10 percent or 


better 


lb Wi 


obtaining 


therefore use the approximation 2a) only 


; | dle’ 
y(In . din« . 


by differentiation of (2a 
limit and carry out this operation graphically 
exact eq Ib) is then used to obtain &’’ 
integration for each value of w 
done graphically 
plicable equations that have been suggested for y 
on semiempirical grounds [2, 10] and that might have 
been expected to represent the results cited do not 


with respect to the upper 
The 
by a graphical 
The integration is 
because even the most widely up 


fit the data over the entire frequency range and be 
if the curve for )(Un 7) is approximated in see 
tions by simple analytical expressions, 
often becomes impossible 


Cuuse 


Data are presented over a wide frequency range 
including either side of the absorption maximum, for 
Butvar (polyvinylbutyral) [11], a material which, for 
an unplasticized polymer, has a fairly sharp dispet 
and for SM-2, a copolymer with a broad dis- 
persion made from 49-mole-percent styrene and 51 
mole-percent methyl methacrylate; both polymers 
having negligible d-c conductivity (tables 1 2 
In each case the calculated values of e’’ 


sion 


and 
which can 


be obtained for points at least one decade interior 
TABLE |] Electrica properties o Rutvar 
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to the frequency limits, agree within LO percent ot 


better with the experimental ones i discrepane, 


that can be accounted for by the graphical erro! 
This suggests that the method deseribed is appli able 
to polar polymers in the region in which they undergo 
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orientation polarization if the 
| with nonpoly 


wide lt should bye possible to deal 
meric materials in the same wav, provided their elec 


trical behavior meets these requirements 
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This funetion has been tabulated for #—01.02)15 
to 10 decimal places. The values are expected to 
be correct to within one unit of the last place The 


table is also available on 1BM cards 

modified where necessars 
Modification has been in 
al cated by the letter + printed alter the number: the 
minus sign is printed after the number, and after 


Central differences 
have been provided 


the C in the case of a negative modified second differ 
enes These unusual conventions were adopted so 
that the complete tabulation could be made me 
chanteally 

lo interpolate in this table to the full accuracy of 
ten decimals, it suffices to employ the Everett inter 
polation formula as far as the terms } Here the 
modified second central differences are to by emploved 
in Everett’s formula just as though thev were not 


modified Everett’s formula ts 
Ae) ph pt / 
(1 ) (1 
f / f(a f(a 
(} (} 
whe re J j pl is bye Iween and / j / (j | p 
is the second central difference tabulated 

alongside f(a 0.1, and here the tabular interval 
i 0.02 If on nevlects the terms in 6 which ts 


what is done in ordinary linear interpolation an 
Ippet bound lol the Crror is One eighth of the second 
diff 


perenne 

The entire computation of this table was done on 
thre SP AC The cod emploved subroutines lor thre 
sine and cosine functions The actual caleulation 


of the table by the seac and its transfer Upon mag 
netic wire required only 15 minutes. This present 
copy ol the table was prepare | from the magnet 
wire by the flexowritet 

This tabulation was used for the training of new 
stafl Three codes wer prepared independently 
The results of the three processes were compared and 
minor discrepancies due to different methods em 
ploved in the codes, were investigated and recoretled 
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pectral Energy Distribution of the International Commis- 
sion on Illumination Light Sources A, B, and C 


Raymond Davis, Kasson S. Gibson, and Geraldine Walker Haupt 


Standa a ources A, B, a C wer 
iminati Cll L931 for , 
amp operated at 2,854° K Sources B and 
average da 1M ve ire } luced 
jy» hed Da Cail m filters ce } j B 

I Cll hed relative ener lata 
ive lata f e sources i ravio 
lr} ‘ ita wer ‘ rted oug | 
Thi 


1. Introduction 


[luma- 
Internationale de VEclairage, 
recommended that three light sources, A, B 
(, be adopted for the general 


In 1931 the International Commission on 
ion (Commission 


Clk 


colorimetry of 


iterials [1] These were defined as: A, a gas- 
d lamp at the color temperature of 2,848° K 
14.350 micron degrees B, the same lamp 


ed with a filter consisting of a laver, l-em thickness, 

ach of two solutions , contained in a 
suble cell with colorless optical-glass plates The 
mpositions of the two solutions are specified in the 
C, the same lamp in combination with 
second filter of the same type but with different 
position, also specified in the recommendation 
Source A is intended to be typical of light from the 
is-filled tungsten-filament incandescent lamp; source 


solution 


bis an approximate representation of noon sunlight; 
approximate representation of 
rage daylight (see fig. 1 The relative spectral- 
oy distributions for sources B and C are viven 
the CLE recommendations over the wavelength 
nge from 370 to 720 mu 
The two filters that, in combination with source 
\, comprise sources B and C are of the type designed 
Davis and Gibson and described in detail in 
Bureau Miscellaneous Publication M1114 [2] They 
e two of a large number of such filters designed 
the reproduction of the various phases of sunlight 
d davlght and the conversion of low to higher 
or temperatures. The particular filters used to 
tain sources B and C are designated in [2] as 
’S48” to 4.800 kK and 2.848° to 6.500 kK because 
ev were designed to produce exactly the 
responding to 4.800° and 6,500° K, respectively 
the observer defined by the “Optical Society of 
OSA) excitations extrapolated” For the 
© 1931 CLE standard observer [3, 4} and the modifica- 
n of it tentatively proposed in 1951 5), the colors 
dduced are slightly too purple to match the colors 
the black body at any temperature. The temper- 


d source © is an 


colors 


\ erica 





ires of the black body most similar to these 
ors (called correlated color temperatures) are as 
ows {6}: 

brack licat te f at ! {t 1 





opted t ! It i il ( rhith ‘ 

f maternal source A 4 tricie 
repres¢ atl ta rau suniigt tna 
passing radiant flux from source A throug 
iu Miscellaneous Pub ition Mil4 (1931 

from 370 720 wig Phe present paper 
and extend he data red to 780 my 
Secretariat Committe t Clk at its 1951 


I I ( | ( 
A A I } 
SA ! ‘ ' ‘ 
Clit ‘ is ' 
Cit s s ' 
From the indicated departures from the design 


color temperatures of 4,800 and 6,500 
tively, it noted that 
only approximate if the L931 CLE standard observer 
the colors Jut if the tentative 
the designations 
ordinar\ 


Kk, respec- 
will be these designations are 
is used to assess 
1951 modified 
may be considered 
conditions unde which diiferen es Ih recipros al color 


observe Is used, 


precise for observing 


> 
7 
. 
« 
Hf . 
> 
4} 
* . 
7 
. 
. 7 
** 
= 
riaure 1 Chromatr (Ji gi 1, B, ar ( 
fogethe rith spect ” wu and black-bod wu plot i , 
the 1931 CIE chromatic liagra 
Those unfan wr wit t f 









































, | 
temperature in the neigaborhood of 1.0 urd (micro Figures 1, 2, and 3 give considerable information 
eci prod a! devret ure impercept bole about these filters and the resulting light sources 

, i , 

Regardless of this, however, the spectral dis- | Many other details relating to the filters are given 
tributions of CLE light sources B and C define these | in the original publication Cb 
sources rh unambicuous Lerms respective I In the | ‘) secretariat questionnaire and report 
observer or color temperature, and these distributions prepared for the 194S meetings of thre CIE nh Pari 
vive approximately the colors of noon sunlight and NS], the question of standard sources was raised anew 
average davlight and the following question Was asked 

‘ } P 7 ‘6 . . , 

It happened that charts illustrating these particu In view of the possible influence of ultraviol 
ar filters and the resulting spectra distributions Irradiation on the colours of fluorescent samples a 
vere not given [2] among those chosen for tlhustration vou believe that the definition of standard illuminant 
Phe chart for the 2,848° to 4,800° Kk filter and soures \, B and C should be made more precise in regar 
vas late published 7} but that for the 2,848 to to the ultraviolet?’ ( 
6.500 iN filter has not been published Lou mrdingly The authors of |2 oifered to exte ral the data fo t 
isa matter of convenience, these are both reproduced sources B and C below 350 mu if that seeme | 
nm sl oltl revised. torm ! thy present papel Sor desirable I 
figures 2 and 35 Hereafts the sources (and filters Re pl es to the above question were rece ved fron S 
vill be des ted as sources B and ¢ wv filters B several countries. and after discussion at the meet ne 
inal as they wer dlesignated f tI ( IE mn lool the follow ng recommendation was adopted |S 
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—a 
{ Vtraviolet Content Standard Illuminants ul was primarily to extend the values of spectral trans 
s recommended that the oifer made through the | mittanes 
ited States Committee by Messrs. Davis and | was 


son to determine the relative energy distributions 


and energy below 350 mau, as far as there 
significant transmittance. Because the filter 
cell contains three borosilicate class plates of total 
lluminants B and C below 370 mu, including th thickness of about 
ctral transmission factor of the cells, be we" epted not in 

was also recommended that the National Com 


7 mm, this transmittance could 
any case extend much below 300 mu 

Two sets of solutions were prepared one in Febru 
s study the questiol of a standard source arv 1950 and one in January 195] Spectrophoto 
made on each set of 
weeks from the date of 
terials preparation. In each case two methods of deter- 
n compliance with the first recommendation, thi mining the filter transmittance were used 1) ‘The 
ctral transmittances of the B and C filters have spectral transmittancies of the four standard filter 


n redetermined and extended in the ultraviolet components were measure { and the transmittances 


relatively more ultraviolet energy than | metric measurements were 
rees A, B, and C for the colorimetry of fluorescent solutions within 1 to 4 


| these transmittances and the resulting spectral | of the B and C filters computed for the appropriate 
rgv distributions were reported to the 1951 meet concentrations, as was done for all the filters of [2] 
s of the Commission in Sto kholm through thre 2) direct measurements of spectral transmittance 


> Secretariat Committee [9 were made on Band C filters prepared in accordance 
} ? ~ ‘ 5 ons 

he present paper describes the measurements on with he specifications, 

ch these new data are based. and gives the r The Be cman quartz DI spectrophotometet was 

n values over the spectral range from 320 to ised for all the present measurements with tempera 


1 cs ~ ? T 1 os yT 7 | » T ® 
mu In addition, there are given some published t ir ol filters and mponents Kept at 25> ¢ he 
inpublished data for the long-wave end of the vis 1950 and 1951 measurements were equivalent in 


spectrum. In the chart eference [2], as illus every respect, the repetition being made to obtain 


d in figures 2 and 3 he present paper, the | Srentel certaint) in the results Phe 1950-51 data 


“9 resent are averages { sults sinerd 
» covered the 1 range only to 720 ma. this re ited a uverag of the resul obtained 


the long wave I | if Os\ excitations S 
in that work Howevet! e spectrophotomet 2.1. Standard Filter Components 


‘ 


a oon the component filter parts had been 


) 


<< hes components urs the \ B nha B solu 
ermined to 750 my [2], so that extension 


: tions, and the double cell filled with distilled water 
smission and enere\ ats | rhev are as follows [2 
When the CIE distribution or | 
dard observer 
as 7SO mu 
values of thickness OOo 
re extended to 


shed in table \ 


also published 


corm position 


ny nto this ¢ 


published, th 


Spectrophotometric Measurements and 
Computations 


Unfilters cKness 


bisa he posit 
al transmittance I he filters 


I 
] 
I 


ed as spectral transmissions In [2 vivenin ig 


>} in the columns headed 7 were derived by 
putation from spectrophotometric measurements 
ie on certamm standard solutions as explained in 
ne luding a study of Beer’s law for the respective 


S ! r¢ | } ‘ 1s | . 
ponents ove! the ang oO eoncentration ot lInfiltered thickness 10.00 mm 
rest his previous spectrophotometri work on A 

1 having th Composition 
standard solutions was very extensive It in ' 
ved, for each standard component of the filter 


| 
surements with several different solutions, at SO, 6820 


i 
1 


0 em and with three or 
sper trophotometers AL ae tailed discussion of 
s¢ measurements is given in [2 All data were 


thicknesses from 1 to 


uned at 25° (¢ Check measurements were also 
le on the complete filters 

‘oO such elaborate series Of measurements Was 
sidered necessary for the present purpose, which 
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Giass-Warer Dousie Ct 


each approximately 2.4. mm 


D) line 


thicknesses of 


Three 
thick 
approximately 
distilled water 
surtaces 
spectral transmittancies of the \. B 
to dist wert 
cells with q lurt 
300 to 400 n ana at 


vlass plate 


borosilicate crown, refractive index 
1.a2 


two 


two |L.000-cen 


surfaces; four glass 


ail class 
watel 

The 
Bb, solutions 
(O-en 


and 
led wate! meas 
end plates ove! 
104.7 and 435.8 


double 


relative 
ured in | 
th: 


range trom 


Ith 


transmittance of the 


gvlass-wate! 


cel 


was measured at the 





Sire 


wavelengths.® 


" " 
B 67.8 is 


r rl Se 


f the determinations at 435.8 and 


correlation with the 


The purpose 
104.7 mu was to give 
values in [2 \s is shown in that publication, the 


standard 


most extensive and reliable spectrophotometric de 


that the best 


measurements and 


it was believed correlation betweet 
the present the previous dete! 
minations would be obtained if the present values o 
transmittancy and = transmittance were adjuste 
slightly, if necessary, to bring them into agreement 
with the previous standard values at these two wavs 
lengths, 435.8 and 404.7 mu: the resulting degree of 
agreement from 400 to 350 mu could then be studies 
values for the fou 
thereupon adopted 


of 7 / 


as follows 


standard 
from 100 mu 
justment the 
two He wavelengths 


component 
These ad 


the 


and new 
300 to 
tor 


factors, averages 


were 


In table 1 are given these adjusted values of tran 
mittancy or transmittance for the 
nents, together with the values previously publishe 
in [2] and the newly adopted values. The following 
comments may be made regarding these values 


various Compo 


t ations were made at eight Hg and He wave 
——— . { Bel 104.7 Y 1. In deriving the adopted values, weights of 10,8 
engths., mciuding these two elow { mu ie : . 
me le & ’ , 6, 4, 2, and 0 were given to the former values at 400 
sti f aiues were sub t to increasing uncer- 7 : _ ’ 
tandare Value ere Liye ere vy 390. 380. 370. 360. and 350 mu respec tively ( orre 
ti \ ‘ . 
unt sponding weights of 0, 2, 4. 6. 8. and 10 were give 
to the 1950-51 adjusted values at these same wav 
heck lengths. From 340 to 300 mu the 1950-51 adjuste: 
. , values were used 
" ' . x “ “ 2. Solutions B; and B; show very close agreement 
B at " between the former values and the 1950-51 adjusted 
R } values Although there are no certain differences 
: 
TARLE 1 Ret ; ’ on Oo landard data for Dar Gibson fille pm pone 
A". B Bf filled wit ‘ “ 
’ { . 
nN W 
A ‘. B ~ ; 
4 iad iad s A 
, \ age, |Ad - ge, |Ad o 
: ted lle te i 
( 004 oo 
“ 
T “x ts is wt . 
T ‘ KN MN ISN SS P 2 
y ue uw su aut mY mu ‘ 4 
4 4 4 "0 ” 
' i i OS wis "7 ny 2. 2. 
‘ " ) int ni "0 "2 "7 ‘ is re 
‘ ‘ i is m mn me " we we af s4s s4y 
‘ +n mu " va mu va va _ a7 s 
» " ‘ 2 ny "a ~ m™ i aA iu avu 
ou 4 Hoy rie wm ~ 17s ~ SAU aA SAS 
“nu a2 s ‘ "4 "" "4 72 mu 72 sul su. su 
Wwe s 4 s "" nM "4 "7 ” ey su su suv 
4 s uy we ; "4 ne "4 wo Pitt wo su su 
4 4 14 2 152 oO4 uo4 Ol él 
7h *. 471 471 * 139 139 s uO4 Qu4 b, 862 . se2 
70 » 40 0 * 120 120 » OO4 W4 sti4 std 
m) ®. Oe v * 122 122 so U4 b ser sit 
® Extrapolated, unpublished 
> Unpublished experimental data obtained at same time as data of [2 
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ea | cel ah BE ac 


oder a OAs 


neal 


ih ty a te Sls BE 


ne hatte lok 0 


haat AMINO A oe a 0 


the two sets of data, the same svstem o 


¢ was used in adopting the final values 


Below 400 mu there were slight but consistent 
es between the 1950 and 1951 data for the 


on However, neith set of data differed 
he average either before or after adjustment 
than 0.01 at an va length Further wo 
srieredl unWwarrantlee 
With the doubk . ee 
bsorption band cel I SU om Was noted 
esent determinatio his is caused by th 
es and Vus ho Le ! he previous 
! Ih : ( | thy } 
t ayt 
Vaile i 79001 PUD isthe I Z 
es from 760 to 7S\ wr the three so ons 
ined by extrapolating the final log,,.T 
irves, on whicl tie ita of [2] are bases 
taint ot this extrapolation increases of 


wavelength interval from 750 mu u 
(t 760 and 770 mu this 


verv small, and the reliability of the 


Incertamnty 


two wavelengths is considered whollv ad 


thr purpose For thre lass-wate! cell the 


as measured in 1926 and show clearly the 
bsorption band neat ,o0 mu 


2.2. Glass-Water Double Cell 
s duplication of the spectral energy dais 
ns given herein for sources B and C de pends 
other things, on the adequate duplication ol 
e of the 
when filled with distilled water 
ts index of refraction 
ince, particularly in the 


ral transmittan two-compartment 
Jorosilicate 
glass varies slightly in 
ts spectral transm 
)-line index of the glass used in 1926 to obtain 
\ new supply 
osilicate crown glass was obtained in 1929 with 


shed data [2] was about 1.51 


x of about 1.52 This was used in the present 
irements, the orginal 
ryle The agreement 

0 to 435.8 mu, table 1. indicates that no 
tant difference in the visibl 
ed This has also been confirmed many times 


pieces no longe! being 


n spectral Lransmittance 
spectrum is to be 


~ measure 


the vears by spectrophotometri 


s throughout the visible on various of the 
Gibsen filters 
slight 


was not detected in the 


absorption band centering at 380 mu 
1926 measurements, 
data saving been derived from measurements 
at the mercurv wavelengths below 400 mu 
the Beckman spectrophotometer this band can 
idily measured It is present in all of the few 
es of borosilicate crown recently measured, but 
It Is probably caused by iron 
ities since a greenish slid 
and very strikingly 

s slight absorption has been ignored because 


only 


irvihig degree 


rule glass showed 


varies from one glass to another, so that an 
Sive study would be necessary to determine 
would be the most probable or representative 
It Is, of eourse also possible that some boro- 











































silicate crown glass would not show this shieht absorp 
on band 2) needless confusion would be caused 


by the resulting trivial and unimportant changes in 
the energy distributions of the B and C sources 
Below 360 mu there s some scatter among the 
spectral transmittances of different borosilicate crown 
classes This is also of little importance, however 


because of the m ich grea el absorption ol thr coppel 
pyridine (A’) solution | 
with the CIE request there are given 


as shown in table 


! ble 2 the complete spectral ansmittance data 
io the double glass cell filled with wate entering 
nto the derivation of the energy distributions of the 
B and C sources over the range from 300 to 780 mz.’ 
I 2 S ce 
“0 
wy 
. 5 8 


By measuring the spectral transmittance of his 
these 
tell if there are any important deviations of his cell 


own glass-water cell, any user of filters can 


from those of the authors 


2.3. Band C Filters 
1. Computed Values 


Based on the newly adopte ad standard components 
data of table and by the same methods as previ 
ously used in the computation of suc h filters 2}, the 
spectral transmittances of the B and C 
computed and are shown in table 3 


filters were 


b. Observed Values 


In both 1950 and 1951, as already noted 


photometric measurements were made directly on B 


sper tro 


ATOM . pt 1 : ‘ “R 






j 


ana ¢ 
Thess two-compartment 
dex 1.52) filled th 
pared in the respective vears 

a6 Zo the me 


values so obtaimmed are given in table 3 


specification 
las cells in} 
pre 
lters were kept 

Vhe 


‘| he se are as 


filters prepared according to the 


consisted ol 


with solutions 


appropriat 
The fi 
asurements 


during average 


dl rectly observed without nny ndiustment No 
values are given at 404.7 and 435.8 mu, because data 
at these wavelengths were not published in /2 and 7 
for the filters themselves 
New Values 
In table 3, in addition to the computed and ob- 


served values of spectral transmittance, are given the 


new transmittance values for filters B and C, to 
vether with the values previously derived by the 
methods and data of [2 With respect to the new 


values it mav be noted that 

1. The former values are retained without change 
from 100) mu This is highl 
already implied, because these values from 380 to 400 
mu were incorporated in the distributions of 
B and C in 1931 used in 
thousands of colorimetric that 
date If the 1950-51 values differed certainly and 
importantly from the former values from 380 to 400 


380 to desirable, as 

energy 
and 
( omputat ions 


sources have been 


mu, serious consideration would have to be riven to 
changing the standard values. However, inspection 
of the data of table 3 at these wavelengths shows 
that in only out of 12 value at 
380 mu for the C filter) does a computed or observed 
1950-51 value differ from the 


much as | percent of the value, 


one case observed 


former value by as 


ee 





Although the CIE adopted values of energy distribu at 370 my, the 
standard observer was defined by data ending at 3s mi The er slues at 
70 rigs far as known, have never been used . et mp The 
suthors, therefore, felt free to re e both the slue transmittance and the 
resuiting energy t 0 mu 


2. At mu the sieht absorpt on found in 
1950-51 borosilicate crow vlass pintes 1s reflect 
in the relatively low values for both the comput 
and observed data for both the B and the C filts 


However, even if it were not desirable to retair 
stated 0 


thre 
il thorough stud 


values at 380 mu, for the reason just 


would hesitate to make any change on Dass 


the present data alone, without 
borosilicate crown glass plates 
370 mu the 

as the average of the observed and computed val 
While one might that the observed valu 
should be given more weight than the 
values, the experimental conditions render the meas 


3. From 320 to new values are ta 
believe 


compu 


urements somewhat more difficult and uncertain 
the former cas Furthermors at the very | 
values of transmittance thi computed values 


considered more reliable than the directly observ 
values 

t. The values of transmittance at 
riven in figures 2 and 3 The values of transmittat 
from 730 to 780 mu are derived from the data of tal 
| or the published data of [2] by the 
tional procedures used to derive the 


3 at the othe wavelengths 


720 mu are 


same compu 
correspond 


values of figures 2 and 


2.4. Light Sources B and C 


The values of relative spectral energy distribut 
for sources B and C derived by multiplyir 
wavelength bv wavelength, the relative-enet 
values of source A by the respective spectral trar 
mittances of filters B and C, and reducing in eac! 
case by a factor to the same scale as used in [2] 

In table 3 are given the values of relative ener 
for sources B and C, first the former values, which : 
consistent with the data of [2], and then as revised 








tna! 
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I Cl} copper-pvridime component vith the nel 


reusing 
1 | ( 
/ absorption of the vlasses and the aecrensing enerey 
of source A contributin Seco! il 
3. Final Data 
\s a matter of convenient reference there are 
given in table 4 over the spectral range from 320 to 
780 mu the relative spectral-enerey distributions of 
CITE sources \ B na ( ina hye spectral tran 
. mittances of filters B and (¢ 
oS For source A, the values fron SO to GSO mu are 
dentical with those published by Smith and Guild 
ind by duc } Krom 0 to 370 mu the values 
have Deer adel ead ’ thi authors from previous 
publieations {10 | with allowance for differences in 
ol Phat = 4 thiol 
For sources B and C the values from SO to 720 mu 
il cet cal witl the published CTE values 1} 
il with ilues | iblished b Sinitl nad Grud ) 
ind by Judd {4 From 320 to 370 my the values 
ire taken from table 3 of the present paper rom 
730 to TSO mu, the value are as published by Smith 
! Ciuild and b Judd 
Kor filters Band ¢ the values from SO to 720 mu 
ire unchanged from previous data Krom 320 to 370 
ind from 730 to TSO n thre dine ure taken trom 
tole of the pres ven pe 
4. References 
Clk. ¢ ~2 
é Ra | i nA. Ss. 
i | 
BS M P ) 11 
Ps i I ¢ | ( .. 7 i ir 
i l 0) s I 33, 7 Sl 
don | ( | i " 
‘ © - \ 23, 
CIik, ¢ 1, | ‘ 
; ‘ hot BJ ( ; 
6d W a \ N. 2 2 
7 | ba i Iy =. 4 | i i 
, eratiur 
asis of the new spectral transmittances Mh N.P.I anda BS JR areh 4, 791 
points ma be noted The values from ped RP374 
0 400 mu are kept unchanged This follows 8] CIE, ¢ tediimear ©, S28 (10s 
the fact that the new spectral transmittances ) CIE, ¢ . * ) 
pt unchanged at thes wavelengths. for thr 0) R.S pct dh, OS \ . ur vf - 
already stated 2) From 350 to 370 mu the BS 30, 449 RP ; 
alues do not differ mportantly from the forme [| Fs and. 7 , ribyuatic 
s Kor source B they ure not considered nad u ra THis 
niv different except at 350 my For source ¢ nd rola 
v values are considered certainly different ' uta, NBS M P BO (1960 
the old values at both 350 and 360 mu ) ; are 2 
ve termination of the energy distribution at 
ww results primarily from the absorption of the WASHINGTON, August 28, 1952 
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The Constants in the Equation for Atmospheric 
Refractive Index at Radio Frequencies 


Ernest K. Smith, Jr., and Stanley Weintraub 


R wa : al 
i Na i ! i Standar \a il P il I ra i \ 
‘ ‘ i i 79° K ind / 1S00° A 
t i \ hy / ] } ] bam © 
T ‘ 
i | i akali 
t Ira i i H 
i i te i ur 
. i 
‘ i i i \ vi i msi) 
. i i artia I i 
ip) il i | / ibs te peratur ( 273 r} 
lered n 0 per \ rfr ] " ;0.000 ega and ! i 
i 
\ el mnprovement ! I cTrOWAVE techr ques lor temperat ire may be taken as 273 ( rather 
esulted nm measure ents at the National than 973 16 ( |” 
ol Standards Live National Physical There has been no prool of variation in the com 
tory [2], and elsewhere [3, 4, 5], which have position of the dry gases of the free atmosphers 
that the conventional constants mothe either with latitude or with height ip to the ono 
for the refract rhele ot air at radio tre sphere 13 The water vapor content. of cours 
s should be revises Various laboratories Varies widel As contributions to the total re 
to have arrived at this conclusior ndepen Iractive nadex ob an additive rul a three-term 
th the result that there are several different expression may be formulated n which the 
constants in current Ist Ss a Ihe first term expresses th sum of the distortions of 
& of these recent changes, such as have been | electronic charges of the drv-gas molecules under the 
/ irth have beer round to be based on indivi nfluence ol afr applied clectromagneti held the 
; hie han collect results Almost all the second term. these distortions for water Vapor and 
: ed constants seem to represent a substantial the third term. the effect of the orientation of the 
ement ove! the former values The 2 ithors electri dipoles otf wate! Vapor mae thre nfl ince of 
j se a set of constants «ce ved from what is felt a field Thus. usine \ for the sealed-up refractivits 
he most reliabl vf thre recent microwave and \ ] () 
; measurements of tl refractive index of Pp 
r ( 
and from a recent survey of water vapor V=K, (7 )+K.(4.)4+Ks (4) 1 
} constants It is hope that these new con l l 
vill I co or ‘ “ , Wn f 
| provi | ! m then . ind tor whe re s the refractive ndex at radio freq ences 
porat les Sirin ‘ inve rat than mnt t : 
h ~—— ae “-., ' "ik _ = P,, the partial pressure ol the dry gases the part al 
root hye eget f values nio ft 
) ( ol tv l he fre dl pressure of water vapor ana / thre absolute tem 
in accuracy of O.5 percent in LN, the sealed up 
\ . perature 
vil ol moist au \ 110 where j ‘ { ‘ 
’ In radio wor one > nterested h propagation 
Iracti iex, some simi Vi r 93s tl s 
— ag — “© nme _ through the free atmosphers Therefore, the com 
ma Thi l The se of the relatio e f ' 
nae , sation . os “Ty position of ail should bye taken to includ nn auveruye 
BS 4 eertall nits oF t ari Ss , 
h mesic a r — able he amount ol carbon CLIONLCE However laboratory 
ts in this us strict ts use tot ) att s of , 
C of ] syle chery ot measurements isually are Thai on €0),-[ree ail 
) to 0) ty ressul Oo 00 
| a a + , rf + . oP because ol variable concentrations of CQO n the 
r partis ssures of 0 50) . 
—— = tal a , “; > Ma — and . laboratory Henes those val ies Ol ¢€ i Ol rinally 


‘ eney : oy Oto 20.000 ‘ "The 2 . e ' 7 

' ous v . M 7 constituent published for ('() Tres il have been ad isted lor 
air: 1! at i I i * ASS! > ) ’ 

rw git , i o—- 2" en % , — U0 percent ('() eontent by raising them O.02 per 
{ i ras li () ‘Trac 5 ; .r ‘ 

s idea Bt y - retractive index cent These Vailles are also wiven on a real rather 
vater vapor, a polar molecule with an electri 


may be represented DV a two-term Debve n table |- ene considered Th Cont Lown that of 
on {11 The permeability of air at radio fre 
Barrell 

ncies due to oxygen may be taken as 1+-0.4 10 
Dispersion may be neglected The Lorentz 
=| irization term may be ignored \bsolute zero 


than an ideal crus basis Three determinations shown 


tia eB net be 


14], is an average of the constant term (n 
for \ x of the optical Cauchy dispersion equa 
tions for standard air used in three of the principal 
metrology laboratories of the world Theoretical 
that the dielectric constant 





considerations indicate 
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same for optical and radio 
to dielee- 


will be the 
Barrell = 


for dry 


tre qquene cs 


value is converted 


tric constant from the relation yue with uw, the 
permeability, taken as unity at optical frequencies 
The second value that of Birnbaum, Krvyder, and 


Lyons | Wiis originally published on an ideal basis 


but has here been converted to the value pertinent to 
real (USCS The last determination, that of Essen 
and Froome has been adjusted to include CO 
The uncertainties listed are standard errors 
l i ' | /) ; ” y rf 
v { 7 } 
K " ‘ 
The statistical mean value of dielectric constant is 


then converted to refractive indey The constant 


AK, is evaluated from 


N=K, &, 2 


which stems from (1) when 0. Setting .V=2S8.04 
yp 1013.25 mb, 7=—273° C and solving for K 
; K 
A 77.60 0.0] : 3 
mb 


dielectric 
by 


\ recent surve\ ol determination sol the 
constant of water vapor in the microwave region 
Birnbaum and Chatterjee used to evaluate 
the water-vapor constants A, and Ay in (1 \s- 
which is permissible here 


suming ideal gas behavior 


as only low partial pressures are of interest, the 
constants may be evaluated from the Debve con- 
stants .1 and # (molar polarization P=A+ //7 


determined by Birnbaum and Chatterjee. This 
results in 
K.=71 Beco } 
mb 
K 3.74, + 0.03,) 10° K* B 
mb 


where the uncertainties are again standard errors 
Substituting the values of (3), (4), and (5) in (1). 
and reducing the values to three figures where 
significant 
he a ‘ — e 
\ 77.6 £4472 +3.75&K10 (6) 
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pax 


Utilizing the total pressure ¢, one ma 
write 
} ‘ t 
N=77.6 2—6 £43.75 x10 £. 
/ / 1 
For use in the limited temperature range 0 


negligible error is incurred through lumpit 
the third 
accomplished by dividing thes« 


solving for the composite constant Ky, in the relati 


10°C 


second ! 


terms in (7 This may 


hy ‘ / il 


and 
terms 


K,=3.73 X10 


two-term formula for dry air is now 


The 


which mav be written 


These last relations are the ones 
general radio meteorological us 


Listed in table 2 


two proposes 


are some of the values of A 
K,, and Ks, that have been used by authors thro iv! 
the vears In examples through 7 the 
K, was drawn from the Smithsonian Physical Tables 
The constants K and K 
examples 2to7 average of the dete 
minations of several different workers in each cas 
Essen and Froome in exampl 8 rehed on their ow 
excellent experimental work to evaluate A, and A 


Then value of K to be in exce 


constant 


»” 
1933 


water-vapol 


represent an 


is seen from table 1 


lent agreement with the values of Barrell and of 
Birnbaum, Kryder, and Lyons. However, th 
value for Ay is low because of the fact that th 


measured value of the dielectric constant of wate! 


vapor is about 1 percent lower than those determin 


PaBLe 2 Constant ised ft fT nf ho 
N A ] A : A 7 
Au Year A A A 
Schelleng Bu ‘ ul 
Ferre if 4 ’ ‘ x 
2. Englund Crawford ind 
Mumford [1 “ ) 6s 5 
t. Waywnick [18 1940) ” en , T2 
4. Smith-Rose and Stickland 
lv 104 7Y Hs 
NDRC, Burrows and Att- 
wood [20 [ute ; Os 5 
6. Meteorological Factors in 
Propagation [21] lose a) s 8 
7. Radiation Laboratory, vo 
13 (Kerr) [11 1951 7Y 79 8 
S. Essen and Froome [2 1951 7.64 4. 68 3. 718 
’. Smith and Weintraut 1952 t 72 75 
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her recent workers in the field It is true that 6) C. 1. Aslakson and O. O. Fickeissen, Tra Am. Geophys 
j measurements were performed in a_ region _, _, Union 81, 819 (1950 ' 
- Ss 7| Cornell 1 I Research Interim Engineering Report 
‘ ent to the 1.35-cem water-vapol! absorption No. 13. p. 23 (October 27, 1951 
but this effect has been shown to be too small 8) L. Essen and K. D. Froome, Nature 167, 512 (1951 
eount tor the discrepane As Essen and 9) L. J. Anderson, NEI Report No. 279 (1952 
: in aoe e- ‘ 
| sme did not have refractive-index determinations 10) H a ind J. KE. Sea Phil ra A] 238, 2 
A he wide temperature range necessary to eval 11] Propagatio f Short Radio Waves, Edited by D. 1 
: kK, and Ay ind pend ntly they utilized an Kerr, Radiation Laboratory Series 13, p. 189 (MeGraw 
al value of refractive index (Ay—0) to deter- Hill Book Co., Inc., New York, N. Y., 1951 
4 Consequently, their value for A. is about 12} ibid. p. 643 
A 7 my 13] lonospheric Radio Propaga NBS Cire. 462, p. 3 
ercent low at radio frequencies However the June 1948 
of this on the equation is negligibl 14] H. Barrell. J. Optical s« Am. 41, 295 (1951 
The authors thank George Birnbaum, Arthur 15) G. Birnbaum and 8. K. Chatterjee, J. Applied Ph 23, 
ott Jack \W Herbstret and Kenneth \ 220 (Feb. 1952 : . 
: 16 J. « Schelleng, ¢ R. Burrow ind | Bb. Ferre Py 
ton for their advice and assistance in this work Saat Binaites T < 24. 427 (1933 
17) <« R. kr 1, A. B. Crawford, and W. W. M rd 
Refer be s n Teel J. 14, 369 (1935 
ences 18} A. H. Waynick, Proc. Inst. Radio Engrs. 28, 468 (1940 
19} R. I Smith-Rose and A. C. Stickland, J. Inst. Elke 
Birnbaum, S.J. Ker and HI I. Ay Engrs. (London) 90, pt. III, 12 (1943 
H P 22, 95 (1991 20) Radio Wave Propagat Consolidated Summary Teect 
| en and k. D. | Pr PI ™ | al Report of the Commictec Propagation, NDRC 
13] 64, 862 (1951 Edited C. R. Burrows and 8. 8. Attwood (Academic 
C. M. Cra Phys. R 74, 69 1G48 Pre I New York. N. \ 1949), p. 219 
: W. F. Gabri Pre | Ra kngrs. 40, 940 (Aug 21) Meteor al Fact Radio Wave Propaga 
: Soe = For 1 (Phys. S London, 1946 
WwW. I P} | P | Rad Engrs. 38, 786 (1950 
| Ra | ] ket 
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Assembled Polygon for the Calibration of Angle Blocks 
Clyde E. Haven and Arthur G. Strang 


l. Introduction be determined with adequate accurac K novi 


as described a primary determination of the angles 
wivent o Wo \\ i 1] prodticed al ie te of all the Diocks ! nu set Ww thout releremes to an 
ol precise an lar dividing equipment i external standard ls ny an mterterometri method 
d and led to the « clopment by the National for the required COMparisons ve have found his pro 
al Laboratory of a series of solid angular cedure entirely satistactory except for measurements 
ids These ure hardened erounad, ana ripped on master blocks or combinations of master bloc ks 
blocks about nh. Wicle >| long and having hay ng angles of 45 deg or larger and particularly on 
angles between the two contact surfaces the 90-deg combination, which is used in the primary 
rage blocks, thev can be combined with littl determination for the entire series Alinement of 
Wringiryg but since they mav be combined the sides of the blocks na combination becomes 
m the sum or difference of a pair, a series of as increasingly eritiecal as the angle increases. and some 
s 12 blocks will form any angle up to a litt] difficulty has been experienced in obtaming satisfac 
SO deg. In Increments Of 5 see By mo.nting torv agreement on G0-deg combinations 
blocks and a solid square (a rectangulat prism Similar type of alinement difficulties arise im the 
¢ four finished faces Ih Various positions, any comparison of t5-dee blocks by interferometri 
ision of a cirele to the nearest 3 see. mav be methods wherein two blocks are wrung side by side 
I on an optical flat and the difference im angle estab 
angles of the individual blocks in the NPL shed by the difference in fringe count over a specific 
in general, based on the mathmatical relation length on the mwrung surfaces of the blocks If 
vherebyv each successively larger block Is twice lor example the adjacent sides of the two 45-deg 
ol the preceding blocks plus 1. respectively blocks are more than 0.00005 in ! out of parallel] 
conds. rmaimute and «ovgrees Exceptions to along the length of the blocks, interference bands on 
eral relationship a tie omussion of a l-se the two blocks form too large an angle with each 
und the use of a ti-dee. block instead of an other to permit’ an accurate Irmge count C’on 
DOCK \ l-sec. blow Is unwarranted In a sidering the errors that may accrue in the determi 
in perm sible errors of 1 sec and the 41 nation of the angle of 45-dege blocks, and possibly 
jock provides a more convenient size than the 0-deg blocks, an alternative method of determining 
o block The ser " thus comprised. of thei angles s clearly desirable 
having angles of 3. 9. and 27 see ] ; g The suecess of the National Physical Laboratory 
27 min.. and 1. 3. 9. 27. and 41 deg in the calibration of angular-dividing equipment by 
about the same time that the Enelish series of means of multiple sided solid angular standards * 
Wiis developed il similar series was patented suggested th possibilit ol Ising a <4 sided solid 
his country The (iperican series differs from poivgon having r-(1O" exterior angles between 
English in that it is made p of more comn only adjacent laces Such a poivgon wo ia pe rmiut direct 
d sizes and thus requires a tew more blocks for calibrat on of both 30- and 45-deg blocks Phi 
ill angular COoOvVeTugt ‘| he series is] } y mechanical requ rements Tor a poly gon ol the requ 
and 30 sec 1 3. 5. 20. and 30 min:: 1. 3. 5. 15 Site accuracy are quile severe the defining surface 
nd 45 deg must be flat over Hractically their entire area to one 


: , ’ or two millionths of an inch, the surface roughness 
Because the generation of neariy optically plane 


aces and the control of pyramidal error within 
equired limits are not excessively difficult, 1t 
vossibl. to produce blocks that are susceptibl to 


of the faces must be less than 0.5 nh. rms with pra 

1 cally ho visible 4 ratche 5 pt rp raiie ilar to thre sicte 

ol the polygon ana the variations rh the angle 
between the defining faces and the axis of the polygon 

precise calibration - 

not mm excess OF lo se Convemence dictates a 

One of the most satisfactory methods of calibrating 


maximum departure of the angular intervals from 


3 = te ' aria : as ge va 
locks is by comparison with a master set nominal value of not more than 10 > se« The con 


ded that the angular values of the masters can 
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eonventiona solid 24 aed 


to these lim constitutes a challenge to the best 
mechanical skill and equipment 


2. Construction of the Polygon 


As a substitute for such a formidable undertaking 
the possibilit of assembling a pol on trom more 
asily fabricated units was considered The availa 
Dility of satistactory defining taces in the torm of gage 
blocks suggested the assembly of modified blocks on 
a suitable base ising one finished surface of each 
block to detine the polvgon Conventional gage 
blocks could readily be modified by lapping the side 
laces plame ana parallel] with. of course, due control 


of the ang'e between adjacent faces and by 
providing holes for fastening the blocks to the bas 
With this tv pe of construction, control of any of the 
required Teatures of the polygon could be readily 


iually with little effect on the 


Lab ppp ij 


accomplished othe 
dimensions 

In order to determine the merits of this method of 
| polygon was made 
and S in. in 


hardened steel and 


construction un experimenta nq 
The base of the polygon was rm. thou 
diameter It was made of oil 
heat treated for maximum dimensional stability \ 
| in.-diameter center hole and auppropriat tapped 
holes in the base provided means for attaching a 
bushing so that the polygon co ild be used on centers 
f desired In order to keep the diameter of the 
plate within reasonabl limits the ore blocks were 
placed in two lavers of twelve each 

Twe ntyv-tour tapped holes wer eq rally spaced on 
}0-deg 


sector corre sponded to the spacing ol thre hol sin the 


a circle of a radius such that the chord of a 


This permitted the use of the same 


PGi 

AAPEPN DREN Aa, 
stabpretabbn pega sice:s: Gilt. 
Peaanapetiion pomniagmah 


, 
vage blocks 


ton anee anes nepentiie enameemiatiniiiiinn nal 
so cael onl meeenin tes mancnetiiin an aol 
I esasatnennee tn ateaen meanamninadite ood 
» AP POIOR SINICA 
| “—ntege 


screws for fastening both the upper and lower layer 


of blow ks 
sunk and then counterbored to a depth of '4 in. t 


The tapped holes in the base were counter 


minimize distortion of the base due to tension of th 
clamping screws 

After 
sides and then hand-lapped until the error in paral 
lelism of the two surfaces was less than 0.0001 1 


hardening, the base was ground on bot 


and the maximum error in flatness of each surfa 
less than 0.00006 in \ relatively high finish w;: 
imparted to one surface in the final lapping to perm 
wringing the special rare blocks in position 
Nodified 0.750-in 
obtained from a gage-block manufacturer for us 
the defining faces All four lapped sides wert plat 
to 0.000005 mn. or better, and adjacent sides we 


rectangular rere blo ks Wel 


square to 2 see of are The 
each of the sides was less than 1 gin. rms Th 
thickness in of the 24 blocks in th 
group varied less than 0.00003 in Each block was 


surface roughness 


dimension 


measured and the bottom laver of blocks so select: 
that adjacent blocks did not differ in thickness b 
more than 0.00001 in. This permitted at leas 
partial wringing of the blocks in the upper laver 


their supporting blocks and reduced distortion arising 
from the pressure of the clamping screws 

Commercial gage blocks are frequently used as 
mirrors for an autocollimator and as such form 
reasonably sharp images of the reticl It was found 
howevet that the crisphess of the lage could be 
further enhanced by a limited amount of polishing 
on a cloth lap and each of the defining faces was so 
finished Figure 1, illustrating the finish before and 
after polishing, was made with the Ziess micro 
interferometet 

The assembly of the components of the polygon 


A=. 
il 
ia nell 
ed 
iim cenmncaenitienatinie eid 
Oe emia 
We 
~~ 

a 


b 


Ficure 1 Interference nm ographs of a reflecting face (a) before and (b) after cloth polishing, * 400. 
lhe interference fringes may be considered as contour lines with the distance between adjacent fringes equal! to 0.000011 inch rhus the excursion of a fringe 
one-half way toward an adjacent fringe indicates a hill or valley 0.0000055 inch high or low with the nature of the irregularity determined by the direction of t 


fringe displacement 
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é the 
t5-deg angle blocks, a solid square, and an auto 
The rotary 


isted so that 


made on a rotary table by use of 15 a0) 


mato table had previously been 


its surface was closely perpendicular 
saxis of rotation and. tor convenience in 
to the 


autos ollimator 


alining 


autocollimator parallel] surface 


The 


with its axis parallel to the surfac 


plat on 
nh it rested mounted 


a rigid 
at an appropriate hei 


Wiis 
base 
olit to covel both thr poly 


faces and the square ol angle block 


The 0-, 90-, LSO-, and 270-deg faces were positioned 
neans of the square and the intermediate faces 
adding or subtracting 15, 30. and 45 dee from 
se positions For exal pl the O-deg block was 
ing to the base with its two holes approxinats ly 


neentric with two of the tapped holes: one face of a 
deg angel block was adjusted parallel to the O-deg 
OcK by the 

angle block were rotated through 30 deg by means 


means of the autocollumator base aad 


the rotary table, and the 30-deg polygon block was 


sit oned parallel to the second face of thre angel 
week Be muse the O- and }0-deg blocks could not bye 
tened to the base until the 15-dee block was in 


ce, this block was positioned next, using the same 
thod as tor the sO-cle oy blo k (ll the other blo« ks 
he polygon were similarly located, working alter 
in clo kwise and counters low kwise directions 
the 0-deg block 


ot 


ely 
Phe the same 


ocks to the base 


Ist 


screws lor holding both lavers 
made the assembling somewhat 
ous, as the top bloc hk req ue ntly moved when the 
ws were tightened, even though well lubricated 
were used between the serew 
ids and the blocks \t least a part of this diffi 
from the fact that of the tapped 
es were not accurately square with the bas« The 


ilar position ol the Lop blo k Was observed as the 


brass washers 


ped 


[Vv arose some 


ws were tightened and, when necessary the posi 
ung re peated until the 
required limits 


block was located within 
The blocks in the lowe lave 
id little tendency to they wrung quite 
mly to the base, but thei position was checked, as 
precautionary 
re tightened 
It was found that quite accurate settings could be 
ade by gently tapping a blo k to its final position, 
d, if only a single layer of blocks had been involved, 
s believed that the angular intervals could easily 
ive been set to an accurac \ of 2 see 
On this particular polygon no further adjustment 
is attempted when a block was once located to an 
curacy of +10 sec, as moderate random departures 
om nominal angle may, in some applications, be 
ed to good advantage to confirm the direction of 
orrections 


move 


measure, after the fastening screws 


3. Calibration of Equipment 


lhe autocollimators used in the calibration have 
otal range of 10 min and a least reading of 0.5 sec 
In order to reduce autocollimator errors to a mini- 
im, a number of precautions were observed. 
tation of the reticle from its true position in a | 
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i 


plane perp nd ular o the optical axis introduces an 


erro! The truc position of the reticle is parallel to 
the setting hairlines of the micrometer eyepiece and 
perpendicular to the When the 


s properly hoa 


direction of tt ivel 
thr 
lines are paralle| to the axis of rotation of the work 
The relationship can be by the formula 
0—=p tan a the seconds of the 
B the ure in 
surface from the plane of measurement of the microm 
ret cl | 


hange in ver 


nutocollimator alined esetting 


expre ssed 


where @ 1s error in 


reading depart seconds of thi reflecting 


deviation of the 


Kon 


eter eve plec and a the he 


irom its true position a jO-sec ¢ 


tical angle of the polygon reflec ting suriace and fora 
2-deg rotation of the reticle line, the error is 1.05 see 
Jecause visual alinement of a reticle line usually 
limited to an accuracy of about 2. deg a more 
accurate method of alinement was required \ 
cordingly, we removed all the lenses of the auto 
collimator, projected an image of the reticle on a 
screen, and, by adjustment of the autocollimator 
rotational stops brought the image into cometdence 
with the image of suitably disposed machinist 
square Bv this method the reticle line could be set 
perpenadtkl ilar to the bas of the instrument to 
within less than 15 min 

After adjustment of the reticl linn he nuto 
collimator microscope was carefully focused on the 
reticle and the autocollimator objective ad) isted to 


form a crisp Image with a representative polygon 
lace 

Th 
bracketed thre 
each ol 
setting After some 
Wratten filter (B2-58 
adequate amount of licht but largely suppre ssed the 
The 
chromatic aberration appeared to the operator to be 
reflected ling 


calibrated 


two lines of the micrometer eyepiece so closely 
that traces of color along 
affected the precision of 
experimentation, a blue-green 


was found that transmitted an 


rele le 
thre 


Lrbgre 


ede image 


objectionable colors retha thing secondary 


equal on both sides ol the 


Both 
central 9 min of 
the central ) 
maste! angle 


autocollimators wert ovel he 
range in 3-min intervals and ovet 
l-min intervals by 


No ¢ rror in 


min means of 


blocks 


excess of 0.4 sec 


min was found in the central part of the range on 
either autocollimator Bec ause the differences in 
the angles to be measured were not expected lo 


exceed 10 sec, it was considered that the progressive 

As 
the 
micromete! eveptece screws comparisons were made 
of the angular value of the micrometet 
screws of the two autocollimators in 5-sec intervals 
over a l-min range by directing the autocollimators 
at separate faces of an angle block and rotating it in 
increments between readings. The angular 
values of the screws on both instruments were found 
to be uniform within 0 which is about the limit 
to which two settings can be repeated 


errors of the autocollimators could be neglected 
a check on the possibility of periodic errors in 


eveptlece 


J=-SOCC 


>t 


4. Calibration of Polygon 


All the equipment for the calibration of the polygon 


The 


was then assembled on a large surface plat 





tuble and each 
autocollimator on a substantial tron base with its 
optical axis in tine with the junction of the upper and 


lower lavers of Kach autocollimator was 


polygon was mounted on a rotars 


blocks 
centered on the appropriate polygon face by viewing 
with a low-power microscope the real image of the 
face that is formed in the exit pupil of the 
\t the same time, the position 
autocollimator light source wus aclypusted to 


auto 
collin ntor eve pu et 
ofl thre 
provide untiorm illumination over the entire 
face 


Preliminary observations soon indicated that, after 


handling of the equipment thre 

a fairly 'ong stabilizing period in a constant-tem pera 
ture room and that temperature gradients mn the 
surface plate due to the presence ol observers changed 
the anal 
Introdtes 
extended over a period of | or 2 lu These effects 
Insulating 
top of the 
setup and scheduling the ations so that at 
least 4 hr intervened between the readjustment 
of units and a Small open 
insulating wall at each autocollimator 


polygon 


ntire setup required 


between the autocollimators enough to 


intolerable errors when the observations 


OVeEeTconr ¢ Pht 


were largely erecting al 
barrier completely around and over the 


obser 


series Of measurements 
mes im the 
permitted 
Asa chee k on angular change In wulose ollin ator post 
tions, the initial interval was remeasured after six (or 


position reading of the autocollimator 


fewer) consecutive intervals were observed 
Nleasurements were made by directing cue h auto- 
collimator toward the center of the 
polygon face at such an angle that the reflected image 
of the reticle came within the selected range of the 
Figure 2 shows the disposition of 
polygon and autocollimators for the measurement of 
thre C-cleg intervals After recording the 
of the two autocollimators, the rotarv table on which 


appropriate 


autocollim ator 


reading 


the polygon was mounted was then turned to present 
the faces of the This 
process was re peated until everv interval of the same 
eireuit 
aliquot 


adjacent angular nterval 


nominal ze had been measured and. the 


closed Because ome of the intervals are 


parts of 360 deg and others are aliquots of a multipl 
of M40 ceg 


2 to 24 read 


nt closure col teat of rot 





Ficure 2 Arrangement of polygon and autocollimators for the 
measurement of sU-deg ee intervais 
One au limator ected at a selected face and the other a we 30 degrees 


48 


igs Where a closure consisted of less than 24 


readings additional closures were required to cove 
all the intervals 
readings each were required to cover the 1SO-«e 


kor example 


intervals, whereas one closure consisting of 24 reas 
invs Ove! 3 960-deg 11 revolutions 
the 165-deg intervals 


The difference between the 


was required fe 


readings of the tw 
autocollimators is an estimate of the difference 

defined by the two autocollimators and th 
Because th 


between the collimators was only approx 


angle 
angle between the two polvgon faces 
angle 


mately equal to the nominal polygon interval enact 


difference, d 
of the error of the polygon interval, 4 


in any particular closure is an estimat 
plus a cor 


stant error, A, due to the deviation from nominal o 


the angle between the autocollimators Thus d 


+ A 


kor pT | comple te ¢ losure 


f 


number of readings required for 
But since >) y, for a cirele or any multip 


thereof equals 0 


where s the 


‘ losure 


Therefore 


f 


from which values for each polvgon interval o 
However each differen 
s subject to a random error ¢, so that we hav: 


closure can be obtaimed 
: associated with each d It is reasonable to assun 
that all errors, ¢ 
Irom the same errol distribution and that the dl 


arise independ ntly and random 


tribution is characterized by an average value 
zero and a dispersion of the magnitude indicated 
a standard deviation, ¢ This standard deviation 
a measure of the precision of an individual differen 
by this processs of measurement: an average of 
individual values will have the precision indicat 
by a standard deviation of ¢/,” and the sum of 
individual values will havea standard deviation of oy 
if only the closure for the 15-deg interval 
made, the precision with which the corrections 
each of the 24 basic angles is known would be tl 
same for all angles, but that of anv angle comprise 
of the sum of two or l5-deg angles woul 
vary with the number of 15-deg angles involved 


In order to provide corrections of equal precisi« 
for all 
closures were made to obtain all possible sums « 
consecutive angles. From these measurements co 
rections were derived for each interval. For e) 
ample, in the determination of the correction for t! 
0- to 15-dee interval, 48 values were obtain 
from the following two series of differences 


intervals, 552 measurements involving 7 


12 closures of twe 





: 


Reape 


aac 











oo ln 


e-alerts. e 


hte mare 





Soe ats 


nt consecutive 





to 15-deg corrector l5- to 15-dee corre 
tion)| 
to 30-dege correction 15- to 30-dee corre 
tion 
to 360-dee correctior L5- to 360-dee corres 
tion ane 
i. to 5-cle corres on Oo) to O-ce yren’e 
Lion 
to 15-dee correction §45- to O-ch orre 
tion 
o 15-deg correction l5- to O-deg corres 
tion 
eust-squares estimate tor ca h angular interval 


the same number of measuremepts, and the 


wor with which thi orrection to anv angie ts 
, 24 \n estimate of the standard devi 

Vis etermines from. the least-squares 

tion for anv single measurement, the stancdare 
ol Was found to be O22 sec Henes thy 

| for each of the ntervals had a standard 


on Ot 0.22 424, o1 O.045 sec 


addition to randon errors any calibration 


s commonly has svstematic errors nssociated 


; 


In this case, however. no error existed in 


mary stapadara a circ mynd any possible 


rors in the autocollimator screws wer 


SO «iis 
that 


over the entire series of measurements 
random characteristi 


t largely assum 


ingiv, itis beheved that the svstematice errors 


be cons'dered neghetble and, therefore, dis 

| Knowledge of the true corrections ts 

fore, obscured solely by the random errors of 

cement arma = the wcuracy of the process 

onl OMe Uppe mit to the magnitude of 

aon errors 

onable upper limit for the magnitude of the 

errors in be set by ‘ eting the value fron 

or distribution for wl h there is a chance ol 

nm one hundred Ob a greater discrepancy 

Y Kor this definition (assuming a normal 

tion of errors the iracy of the orrectlony 
2.58(.045 12 

wtual values of the intervals aie of no 

ar interest to a reader of thus pape Dut it 

” noted that the naximum deviation from 

il size OT anv 15-deg interval was S.2 see and 
inv iterval, 9.0 sé 


5. Application of the Polygon 


Was used to calibrate a mast« 


2 t 45-cdeg 
The calibra 


comparing the mnet 


Por On i 
block belonging to the Bureau 


either by 


L bye rr acl 


with ope or more liter 
paring the an 


ecutive 


vals of the polvgor or by 


vle block with a sufficient number of 


inter vals to integral 
In the case 
rnal angle is 
covering 1.080 deg are 
Two additional series of eight 
Hpygs each are required to provide com parisons 
every 


encom pass up 
iber of polygon rotations or circuits 
5 deg block 


whose exté 35 deg 


readings 
ired for a closure 


135-deg interval of the poly vor 








The LISpos tio ) thy 


tion of a 45-lee anele block 1 


equipment for the calibra 
show! 


‘ ry } 
Ith rill 


mounted of i 


The porv~on 


rotary tabl th the angle block elevated just above 
the polygo a DV Ineans Of a plane pa allel bloel 
interposed between the polvgor base and the block 
Two autocollimator were positioned ISO deg part 


with one directed at a polygon face and the other at 
an angle-blo« Taher The same care was observed in 
alining thy equipment as tor the calibration of the 
polygon, but temperature effects were largeiy elim 
inated by the ISO disposition of the auto 


collimators 


With the aut 


readings of the 


wollimators appropriately alinmed the 


two instruments were recorded Tha 


assembly of polvgon and angle block was then ro 
tated 135 ae by means of the rotary table, and the 
autocollimator readings were mean noted Pha 
anel bylon Was next rotated 135 dee with respect 
to the polygon, and comparison of the ingle blocl 
with the mypacent 135-deg poly rol interval vus 
obtained by observing rea fines of both autocollima 
tors at that positior ind oatter mother 13 te 

rotation of both polvgon and ang! bola Simi 

CODLParisons vith the next XY COnseclulive nterval 
of the polvgor ompleted a closure and permitte 

computation of the angle of the angle blo It 
order to obta i more curate value miahitiona 
closures were mace relat ney thr angel blo »otlye 
135-deg-polvgon intervals ‘ 

Table 1 is a tabulation of two closures or boats 
angle block. Colum s the polygon interval 


column 2, the differences nutocollimator readin 
difference ino auto 
block: column 4 


column 5 


on the polygon columyr s. othe 
collimator readings on the angl 
) 


the difference vctiween columns 2 and 3 


the error in the polvgon interval by the 


pre Vicotis 


calibration olumn 6, the error of the angle bloc! 


by direct 


comparison with the polygon interval 


and column 7, the error of the angle block by 
with all the poly 
closures Mhe 
ol any the values for the polygon interval 
and therefore than the 
average of eight values not constituting a closure 
rotation of the 
between readings was 135 deg-¢ n 
polygon and 134 

angle block values 


gon intervals in each of the 
latter 


parison 


separate is wholly Independer 


errors in 


somewhat more accurate 


The angular bloc! and pol ol 


terms of 


deg + ¢ d, in terms of 


values 


where ¢, is the error in the poly 


von interval, / autocollimator 


isgthe difference in 





readings on the polygon e, 8 the error in the angle 
of the block, and d is the differen n autocollimator 
readings on the angle bloc! 

Kg lating the two expression have 
j / The values of « ar’ ven in column 6 


il clos ire 


of table | Since the sum of the ¢,’s for 


s zero, ¢, 18 estimated by iS where S is 
the number of readings in a closurt This estimat: 
s given in column 7 of table 1, and it is independent 
ol thre errors im the poly ron 
ante l. M 
} 
‘ . » 
4 
4 “4 

‘ ; 7 

Four additional measurements gave values of 

0.01. 0.01 0.12, and 0.03 see for S(d d,)/8 


Che standard deviation, ¢, for the six values of 


S(d d,)/8 is 0.02 see If we use a 99 percent confi- 


dence limit, as in the case of the poly cron the averace 


value of 0.01 sec mav be considered accurate to 


6. Other Possible Uses 


Although designed pgimarily as a master for angle 
blocks, the polygon is equally suitable for the test 
or calibration of angular dividing equipment. Used 
alone, it permits the calibration of 15-deg. intervals 
and, in conjunction with other polygons, of intervals 
as small as | deg by the method described by Tayler- 
son (see footnote 

Simple arrangements of a few blocks can be easily 
assembled to serve as masters or gages in the optical 
or mechanical industry 

A further extension of the application of assembled 
polygons to the calibration of circular dividing equip- 
ment is being considered. 

Tavlerson’s method for calibrating 1-deg intervals 
requires the use of a number of polygons, each having 
a different number of sides. The complete calibra- 
tion, using one suggested group of polygons, requires 
19 circuits of three polygons, with a total of 408 
readings 

The ease and precision with which defining faces 
can be positioned on an assembled polygon suggests 


50 


the possibility of using a single polygon having 


usual large intervals, one or mo 
subdivide t] 


example, a 12-sid 


addition to the 
blocks offset at 
principal intervals If for 
polygon having 50-deg intervals is used, the additir 
of a single block offset from any one of the faces 

| deg ealibration of test equipment 
l-deg increments The 1l-deg interval would 

the relationship between SUCCESSIVE SeCTLES ol Col 


angle Ss as to 


such 


permits the 


parisons with the equal intervals of the polygon ar 
necessarily enter the complete calibration as mat 


as 15 times If, however, two additional blocks a 


offset 10 and 20 deg respectively no more thy 
five 1 deg intervals need be added or subtracted 
establish the relationship between circuits Tl 


addition of three more blocks offset 5, 15, ar 
25 deg, respectively, further reduce the number 
l-deg intervals entering a calibration and al 


convenient method of calibrati 


LS deg Increments 


provides very 
equipment in 5, 10, o1 
The procedure for calibrating a rotary tabli 
sided polygon hav 
l 10, and 20 de 
30-deg interval 


with a 12 
offset 
Every 


increments of 1 deg 
three additional blocks 
respectively, is as follows 
the polygon Is compared with rotary-table interva 
starting at zero, then at 1.2.3, et« up to 29 deg, incl 
Additional comparisons are made with the 
10-, and 20-deg intervals starting at zero and wi 
the l-deg inter... © on succeeding circuits Krom thy 
values of the polygon intervals, the errors of tl 
rotary table can be derived in 1-deg increments 

For simplicity of explanation, the additional 
10-, and 20-deg blocks have been indicated as offset 


sive 


from the zero polygon face, whereas space limitations 
would require that they be distributed around thy 
polygon and offset from other polygon faces. The 
only effect of such a distribution is to change thy 
computational procedure 

The use of a single polygon having faces offset 
fractions of the main intervals has two advantages 
over Taylerson’s method 

1. Thirty circuits with 392 readings are require: 
as compared with 49 circuits with 408 readings 
The minor reduction in the number of readings is 0 
little importance, but the large reduction in the 
number of circuits and the concomitant manipulation 
of the polygon should effect an appreciable saving 
in time. 

2. A major reduction in the cost of equipment is 
achieved by the substitution of a single polygon for 


a group of three 


The authors express their appreciation to J. M 
Cameron and his associates of the Bureau’s Statistical 
Engineering Laboratory for guidance in selecting 
the most suitable series of observations, development 
of formulas for the best utilization of the data, and 
computation of results. 
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On the Spectrum of Energy in Turbulent Shear Flow 
C. M. Tchen 


1. Introductory Remarks and Hypotheses on the Energy Distribution 


In the statistical theories of isotropic turbulence, the irregular motion of the fl 
described by some characteristic functions: the correlation function, and the spectral function 
The statistical theories devoted to the analvsis of the correlation function were developed by 
on Karman, Burgers, and others [1 Che study of the spectral function ts based on the analysis 

an irregular motion into harmonic components, as was developed by Burgers, for a model of 
Hulenee 2 rhe nonlinear process of the balance of turbulent enerev is controlled by a 
insfer function, describing the transfer of energy from large eddies into small ones. Certain 
hapes of the transfer function were studied by Onsager [3], Obukhoff [4], von Weizicker [5 
und He senberg |6), all leading to a spectral law in agreement with the Kk olmogorofl 7| law of 
ocally isotropic turbulence for the hnonviscous range It seems that the spectral law in isotropt 
irb ilence is well dete rmined ut least 1o! the above range ol small eddies In the following 
pages an attempt is made to study the spectral law of small eddies in turbulent shear flow with 
ven pattern of mean motion without solid boundaries. In addition to the viscous dissipation 


ve have to consider the produc tion function, the convection function, and the diffusion function 
vhich arise from the presence of a pattern of mean motion 
The Naviet Stokes equation applied to a turbulent flow can be divided into two equations 


function and the transfer function, as occurring in isotropte t irbulence without mean motion 


inh equation governing the mean, or primary motion l and an equation governing the life 
historv of the turbulent velocity, or velocity fluctuation Che equation for the turbulent 
velocity that interests us the most is, for an incompressible flow 
) ) Ou 2) ) — 
+ ae y yu ( 1,u a) ie P )- 
i ) Ol Ou J p 


The mean velocity (’,; and the velocity fluctuation u, must fulfill the equations of continuity 
OU,/0. 0, Ou,/O2 0) 2 


lhe independent variables in the equations are the time ¢ and the coordinates z,, 2 Like the 
velocity, the pressure is decomposed into a mean pressure /’, and a superposed pressure fluctua 
tion p. prepresents the density of the fluid and yu its viscosity, while v= p/p. p, uw, v are treated 
as constant The indices EP denote projection components Thev are lL, oe @ j L226 
A summation is understood where the indices repeat. The bar over a quantity represents a 
spatial mean value 

We shall study the spectral distribution of the energy of the turbulent motion in a given 
field of primary motion. The interaction between the primary and the turbulent motion is 
controlled by terms such as O(u,l’,)/Or,, and O(L’,u,)dz, in the hydrodynamical equation (1 
According to this equation, the structure of the field at a given instant is characterized by three 
kinds of motions—a mean or primary motion, which gives rise to production, convection, and 
diffusion of turbulence; a turbulent motion, which possesses a transfer of energy; and a molecular 
motion playing the role of viscous dissipation. The three motions have their own geometrical 
patterns generally different in average scales. In order to fix our ideas, we can choose a large 


ee 
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Figures in brackets indicate the 








region of size R, in which the primary motion shows certain geometrical patterns. At a given 
f volume of dimensions 2.Y,, 2.Y,, 2.Y;, having several times the 
If we study the spectrum, or the 


point we draw an element 
dimensions of the largest eddy to be ine luded inh the study 
energy carried by the eddies of different sizes contained in the element of volume, we can 
expect, according to the differential orders of the terms in the hydrodynamical equation, that 
the molecular action enters from the end of the small eddies, and the action of the primary ; 
motion from the end of the large eddies 

If we do not go down to the range of the molecular sizes, the action of the viscosity on 
the turbulent motion has a simple form, where the two motions are separated. On the other 
hand, if we do not go up to the very big eddies, and if the primary motion has a slowly varving 
pattern, or simple pattern, so that within the element of volume the velocity change can be 
the action of the primary motion on the turbulent motion has 





considered constant and small 
also a simple form, where the two motions are separated without resonance. On the contrary 
if the primary motion has a complexly varving pattern, or rich pattern, so that in the volume 
clement are presented various scales of the patterns of the primary motion, and that certain 
small scales are comparable to the eddies of the turbulent motion, the two motions will interact 
with resonance and are not se parable Such circumstances will occul when the average scale 
of the primary motion, as depending on (7/0, 0'7°/0''°’’, ete., according to the similarity 
theory, is small and becomes comparable to the seales of the eddies to be studied 

Let us isolate the finite element of volume from its surroundings and study first, by means 
of an elementary method, the balance of energy per unit volume among the different eddies 
For this purpose, let & be the wave-number magnitude, 7, the velocity, and /~1/é the mixing 
length. The vorticity of the turbulent motion can be represented by 7,1. The vorticity 
presented in the pattern of the primary motion, averaged over the element, is supposed to be 
given, and is denoted by [’ 

Let S, be the flow of energy from larger eddies (larger than the eddy /&) to smaller eddies 
smaller than the eddy h Such a flow of energ,s corresponds to a dissipation due to the 
following exchanges of momentum: between the molecular motion and the turbulent motion, 
between the small and large eddies, and between the turbulent motion and the primary motion 
According to Prandtl and Boussinesq, it is known that the dissipation is the product of the viscos- 
itv with the square of the vorticity 

For the dissipation of molecular origin, we can write yu 
agitations. For the dissipation of turbulent origin, that is, the tC 


P. where uw is the coelhe lent of 





viscosity due to molecular 
dissipation due to the exchange of momentum between the eddies of the turbulent motion 


itself, and between the turbulent motion and the primary motion, we can write 


turbulent dissipation=p»,-compound square velocity 


Here » is the turbulent viscosity of Heisenberg v rl If there is no resonance between the 
primary motion and the turbulent motion, the compound square vorticity is formed by the 
following independent terms K 
77", ‘ 
he ; 
the interaction term De’ bye ing dropped out If there is Strong resonance bye tween the two 
motions, the independent term (’* must be dropped out, because any primary vorticity field 
that is able to create momentum exchange with eddies must be coupled to the turbulent 
vorticity Thus the compound square vorticity becomes in this case 
; T / l 
Hence the equation of total dissipation is 
\ Uy’ } ho resonance. 
Ss Li ; 7 ) / > 
i , /? : 


/ - l ‘ strong resonance. 


f 
Che case of intermediate resonance is not investigated here 


A spectral function F'(k) can be introduced such that pF (k)dk is the turbulent energy between 
k and k+dk. Then by means of dimensional reasoning, the dissipation equation can be put 
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In spee tral terms as follows 


5 ee (kh . ho resonance 
, 7 / 
, Ve i] a 
- 2 | dk'h Fh strong resonance 
x . 
where «x, «’, «” are numerical constants to be determined by experiments 
We shall study the spectral laws in the equilibrium range of spectrum, which, as defined 
Heisenberg is the range controlled by a constant flow of energy S independent of 4 In the 
equilibrium range, two subranges are defined: the nonviscous, or inertial, subrange, as charac 
terized by ”/ki 1, and the viscous subrange, as characterized by kv <1 For the non 
viscous subrange wi obtain 
wh ol F~h for small (°’ and no resonance 
ana 
~constant, ol k~]I for large | and strong resonance 


For the viscous subrange we obtain 
~h ol kwh for arbitrary (7’ and resonance 


The sper tral law / is not expected to go down to molec ulat scales, as then the strong ntet 
ference between the molecular motion and the turbulent motion will alter the above simple 
forms of the molecular and turbulent dissipations 

The above elementary study of the spectrum of turbulence is based on the considerations 


f the different forms of the exchange of momentum within an isolated volume element Actu- 
ally, the volume element is not isolated, and the general character of the field from one element 
to another may vary. Under those circumstances we may expect that the general spectrum 


depends on the position of the element analyzed, and that there exists an exchange of momen- 
tum between the element chosen and its neighbors, in the forms of convection and diffusion 
Howevet the latter forms of exchange, called inhomogeneous exchange, have scales comparable 
to the dimensions of the volume elements and thus affect predominantly the large eddies 
rather than the eddies in the equilibrium range in which we are interested for the present 
We shall return to the discussions of convection and diffusion in sections 3 and 4. We con 
clude that in the study of the equilibrium range of spectrum, we can analyze the inhomo 
veneous field as follows 

l We choose finite clement of volume 2X 2X 8 which is of the ordet of several 
times the scales of the largest eddy of the equilibrium range. In the element of volume a 
turbulent motion is superposed to a primary motion exhibiting certain geometrical patterns 
Both motions can be analyzed into Fourier components by the same method as applied to 

homogeneous field 

2. The inhomogeneity of the general field creates an inhomogeneous exchange of momen- 
tum between the chosen element of volume and its neighbors, resulting in convection and 
diffusion. Such an exchange of large scales is not important to the study of eddies in the 
equilibrium range (small eddies). Thus it can be estimated approximately and added to the 


homogeneous exchange as small corrections 


2. Harmonic Analysis of a Turbulent Motion 


The results predicted in section | by means of elementary considerations of energy distribu 
tion can be obtained by a harmonic analysis of the hydrodynamical equations. Such an 
analysis will reveal some important details of the exchange mechanism and of the energy 
balance, which are rather obscure in the elementary considerations 

The applications of Fourier analysis to a turbulent field has the difficulty that Fourier 
integrals can be defined only for functions that vanish at infinity in such a way that their squares 
take a finite integrable value. ‘To overcome this difficulty, one usually assumes in the harmonic 
analysis of turbulence that we can restrict to the values of the function within a finite domain 
say a finite element of volume 2.X,-2.X,-2.X, taken at a point +,, 2, 7; as center, while outside 
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this domain the function is replaced by zero.2. For the purpose of the analysis of turbulence, 
the Fourier integral of the turbulent velocity in such a finite domain will be sufficiently represen 
tative of the energy distribution of eddies smaller than the element. The amplitude functions ; 
of the Fourier coefficients are then obtained from f 





| *x+X k 
(k= 55). dx’u(x’ye** 
=~) Jx \ 
r+ Jt k 
1,(k dx’ U(x’) ‘ 32 
=) J x \ 
| *x+JN 
g)=%5 dx’ p(x’) sb 
—7 r-A 
with the eq lations of continults 
kaJdk 0. k AAk 0) 1) 
Here u l pare real quantits representing the turbulent veloc itv components, the mea: 
velocity components, and the turbulent pressure, respectively, a,(k), A,(k), c(k) are the corr ‘ 
sponding Fourier coefficients at the wave-number vector k (k 2 wavelength ~and are compl X 
quantity with a*(k)=a k), et An asterisk over a quantity denotes its conjugate, and 
(= The following s¢mbol for the volume integral is used: 
*h » » 
Pitas nn Pec 
J e7 Fle . 


The actual change of uw, and p in the course of time is resolved into the change of the Fouriet 
coeflicients a, and ¢ with the time Provisionally, we restrict to the single instant The 
analysis in a finite volume renders the Fourier coefficients bounded. Outside and on thi 
boundary of the finite volume (x’<x—X, x’>x-+-X), the function u,(x’) and its derivative 
Ou ,(X")/Or,; are supposed to vanish; so also do p(x’) and l,(x’ Such functions are called 
truncated functions 


To show the significance of the limit X, we form 


UAK UA r dk’ dk’ a k’ a k” ol kk x—th"’+r 
The mean value u,(x)u,(x—r) is obtained by integrating with respect to x from —X’ to +X’, 


where _ - We have 


: ; - 
' ' dk’ dhe" ok or, of \ 4 -/ 
LL x)UAX Xxx, | Ke | k 1(k’)a,(—k 
sinki—k)NX’ sin(kiB—kDN, sin (ki —kDN 
E—F ki —k* -—-_ 
whit h for Diy >» a leads to 
u(xu(x+r - dkadk\a k\je-* 
aaA . 


Since u,(X)u,(X+r) must be independent of X, it follows that the absolute value of the ampli- 
tude function must be proportional to (X,X2X3)' 7. As da, 1s obtained by the summation of 
a large number of variables like u,(x’)e** according to (3), the fact that its absolute value is 
proportional to the square root of the volume must be related to the same results found in 


problems of radom walk, even though the paths may be correlated [10]. 


? To avoid discontinuities that may arise by such a method at the edges of the elementary volume, we may instead multiply the function by 


8 certain function that is unity within the volume, and decays rapidly to sero beyond the volume 
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if we ta fi and . we tind 


dkaJk)\a k). 


X X X { 


Instead of extend the integral over the whol k-space, we can integrate over a spherica 


shell of radii between *& and / dk, and we find 


*. . 


2h \ ; \ ¥ e| désin 6 k*a(k)a k) with 2 dk’ F(k’ 5 


Here k* sin 6d6d¢ is the volume element with polar angles 6, y, and I(k)dk is the energy associated 
th the wave numbers ranged between k and k+dk. F(k) will be referred to customai 
as al ftunetion ol irbuient energy Also we cao define a spectral function of the turbulent 

shear stress / } such that 


°s 


By a Fo r trar m oO term by term, we have 
yack , P 
4 nina (MA(k—n vkeadk IninjsA(nja(k—n 
y) 
Inin,a(n)at(k—n ~.k.c(k)—inhomogeneous terms 


here the inhomogeneous terms arise from the inhomogeneous exchange as explained in section 





and to be determined in sections 3 and 4 In the above equation ¢ can be « liminated bv its 
value obtaimmed from the above equation multiplied by f . § ibjected to the eonditions of con 
lity (4 The transformed equation is then 
oa.(k r kk “7 
; i(k dninja<k—n)| a(n a(n | 
; { j 


. a3 
dnin A k nm | « n ; a n) | inhomogeneous terms 


An equation describing the rate of change of the energy distribution can be obtained by forming 
the differential quotient (0/dt)a,(k)a,(—k) as follows 





> a,(k)a,(—k)= —2vk2a(k)a—k 
( ninva(n)\a(k—nyja k)+a k—njaik 
( Inin,;A,n)la(k—nja k)+a k—njadk 7 
Incn,a(n)|A<k—n)ja k)+A k—njak inhomogeneous terms 


The physical meaning of the equation for energy distribution (7) can be compared with 
the following equation Ior over-all balance obtained by multiplying ] by 4 and taking the 
spatial mean values as follows 


ue ou,\) ——dl > (we ew ol ) : 
2 at __, (Yaa 2 2 (S0,) 40 2S 2 | w ( $42) 











Equation (7) represents the balance of energy associated with the wave number k, while eq (7a 
represents the balance of energy covering the whole spectrum The correspondence between 
terms of the two equations is as follows 


i ae 


a) Rate of change of energy ; 
l ee , ou 
2 N,N,N | dhe eh)a(—k=s 5° 





For a stationary flow these two terms vanish 
b) Dissipation by viscosity 


XN x, |. @k 2ek adk)a(—k)— Our 7 
( ‘Transfer of energy from eddies to eddies 


dnin.a Jn) la(k—n)a k)-—a k—njak 


This term which figures in (7) has no corresponding term im (7a), because the total transfe1 
must vanish for the whole spectrum 
d) Production of turbulent energy by shearing stresses 


; me OC 


| r os . : 
— dk dnin Asn) lat(k— nia k)+a k—nja,k uu 
X oko, d Ou 


2 Ay. 


e) Convection of turbulent energy by interaction with mean motion 





l 


: ry [oak [dninan)[Ak—n)a(—k) + A(—k—n)a(e]=,° (“ U;) 


f) Inhomogeneous transport: This is the part of convection from the inhomogeneity 
of the field Thus in (7a) the terms 


must vanish Integration between k& and 





correspond to the inhomogeneous terms of (7), to be determined in sections 3 and 4 For a 
stationary condition the left-hand side of (7 


vives 


Qv} dk’k’ F(k’)=2) dk’k’ F(k’) + Wk, « Wik, o)+O(k, « K(k, ~). 8 


This equation expresses the equilibrium in the exchange of energy. The left-hand side is 
the total viscous dissipation covering the whole spectrum. It is the total flow of energy 
It is independent of & and will be represented by «. The first term on the right-hand side 
gives the loss of energy through viscous dissipation associated with wave numbers not ex- 
ceeding k. The other four terms give the flow of energy from this part of the spectrum through 
interaction with the remainder of the spectrum, respectfully, in the forms of transfer, produc- 
tion, convection, and diffusion, as to be obtained by integrating the corresponding terms of 
7) for wave numbers not exceeding / 


3. Transfer, Production, and Convection of Turbulence 
For the transfer function W(k, ©), we assume the Heisenberg formula [6] 


Wk, @)=«[ “dks a 2 [dk'k" Fk’), 9) 


oJ f 
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where « is a numerical constant. The justification of the dissipative character of the transfer 
and hence of the Heisenberg theory, can be sought from the transport processes by turbulence 
on the basis of the hydrodynamical equations We shall return to this problem in a subsequent 
communhteation 

For the production function (4 we assume a gradient of 7); in the x direction, as 
expressed by ol Ou all other gradients being negligible and distinguish the case of no res 
onance and strong resonance depending on the seale of the primary motion, as mentioned in 
section | 

a) When there is negligible resonance between the mean and the turbulent motions, we 
can neglect } compared to & in the following production term 


in A,(n)laik—n)ja k a k—n)aJk)i~la kja.tk a, (kya k)\ .1 


where 
dn A,(n)=—l 
is the magnitude of the ave rage vorticity of the mean motion for a quickly dropping spectrum 


Lin Integration ol thie production term ove! the Wave numbers oj magnitudes between 
k- and Ives 


where k’ dk’ x Fu } sa turbulent viscosity, and «’ isa numerical constant, eq (10) is re 


bis | ans : thy for me rlicibl resonance, 2 


b \\ hen there is strong resonance between the mean and turbulent motions as dese ribed 
in section 1, in such a wav that we cannot separate them a pror by the method used m (a 
a new method has to be devised in order to forn ulate the | roduction function Integr ’ 
production functions as follows 


tion of (7) outside the sphere of radius & gives the transfer anc 


Wo vy | dk" | dninwa (nya k"—nya k”) + conjugat 


y ¥ y ( dk” [ dnin A (nya k"—nyja k” 














We notice that they are analogous in structural form, except that the transfer function contains 
a triple correlation 


q(n, k”)=cn, a,(nja,(k"—n)a k”) + conjugate, 


which is antisymmetrical: g(n,k” q(k”,n), while the production function contains a 
triple correlation involving the gradient of the mean motion and is not antisvmmetrical. For 
the antisymmetrical function, we can replace 


in agreement with the form of integrals given to W(k,@) in (9 For the production fune- 
tion, we can take the following form, because of its structual analogy with the transfer function 


f° aan [OE , 
I} Vp vorticity of turbulent motion - vorticity of mean motion 14 


Now the vorticity of the turbulent motion can be written in the usual form 


| 2 ( dk’ k? F K| 


while the vorticity of the mean motion is 1’. We can remark that transformation (13) does 
ot apply to correlations involving the mean motion, and therefore the vorticity of the mean 
motion is written for its whole spectrum After substitution for the vorticities, (14) becomes 


wk, ef ik" ae Bi Ak’ ke? F(k’)ol “] 15 


Finally we shall integrate the convection term of (7) for the region outside the sphere of radius 
We can remark that the transfer production, and convection contain, respectively, the 
triple correlations 
a,(n)aj(k—n)a k conjugate 


L(nja,k—n)a k) + conjugate 
a(n) A,(k—n)a, k conjugate. 


By analogy with the expression (9) and (15) for the transfer and the production, we can for- 
mulate an expression for the convection function. However, we assume that the apparent 
viscosity is much smaller for the mean motion than for the turbulent motion, for the sufficientl, 
large value of k herewith considered: hence the convection function is negligible compared 
to W(k,@ ) for sufficiently large / 


4. Diffusion by Inhomogeneity of the Field 


Let us consider a case with the following simple conditions: 

a) The diffusion due to the inhomogeneity is primarily a large scale phenomenon, and 
hence the molecular diffusion can be neglected compared to the turbulent diffusion. 

b) The mean pressure is constant in time and space 


The difference of energy distribution in the space causes a flux of energy as a consequence 


of the exchange of matter. This flux of energy can be written as 


flux of energy =«’’’ dk"y a = E [ak re } 
: . D9 0 


The first integral is the turbulent viscosity, the gradient is the gradient of the energy distribu 


tion, and «’’’ is a numerical constant to be determined by experiment. By taking the differ- 
ence of the fluxes across opposite faces of the elementary space and dividing by p, we obtain the 
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rate of decrease of energy by diffusion per unit mass and unit time equal to 


ny, * 3: lef ca : > ‘e i} — | 


Finally, if is chosen sufficiently lara so that the range from 0 to i includes practically 
the energy gradient, we can write 


~ ( dk’ F(k’)~ ° 
OF», O 


(<7) 


hy s) Pee so IFR”) @ /i= 
Aik, I | di \ net Da (5¥ )| 6 


5. Energy Spectrum of Turbulence 


Hi Lice 


In the equilibrium range the energy spectrum is determined by ea 8, which becomes, 
er substitution of (9), (12 15), and (16), 


with 
1, no resonances 
(Pe yar ; - 
~~ e Ik’ kh Fk’ lia 
— . > Strong resonance 
r 
We shall study the enerey spectrum for the following subranges a) nonviscous subrange 
hi lay { al stro! resonance b) nonviscous subrange with small 7” and no resonance 


c) viscous subrange with arbitrary 0” and arbitrary resonance 


a In the nonviscous subrange of the spectrum if there is a strong resonance and if [ 


large, along with sufficiently small /, we have 


thus the production function is predominant, and all other functions are negligible. In this 
Vil ed 17 reduces to 

: | ai PaO] 2 [ane "Fe | 

( VK” 
and has the solution f € el Yh ' to be obtained simply by introducing the hew variable 


2| dk’ kh” F(R’ [f the diffusion term is small, but not negligible, then as a first approxi- 


mation, the solution is 


whe re 






and k,/k is assumed to be small compared to unity 
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bb In the nonviscous subrange if there Is no resonance and U’ Is small along with sufli- 


cently large / we have 


2] dk’k’F(k’)>I 


: t 
Thus the production function and the diffusion function are small, although not negligible : 





compared to the transfer function, and eq (17) gives the following solution as a first approxi- 


nation 


F=(=*) k-*[(1—(k,/k)' 18) 
Where 
SK | barr § of 0 (ls 
;, 55) ! is. a ra 2 (5 %)} 
und &, & is assumed to be small compared to unity The spectrum 
Ne 
i ee h 


of the homogeneous and isotropic turbulence is a particular case corresponding to 4 0 


For the reasons incorporated already in the conditions under which the respective laws 


k' and | are obtained, it is to be understood that the former law refers usually to larger 
eddies than does the latter one Depending upon specific conditions, a spectrum may show 
clearly a portion representative of one of the laws and not the other, or may show clearly two 
portions representative of both laws successively. In the latter case, the primary motion 
possesses a pattern in resonance with the secondary motion. As the result of the resonance, 
the production function is first larger than the transfer function at small #, hence the spectrum 
shows a k-' law. Afterwards, as & increases, the production function becomes smaller than 
the transfer function, while (” is not large enough to compensate, hence the spectrum changes 
over toal law. The ranges of validity of the laws depend upon the ranges of predominance 


either by the production function or by the transfer function. For the viscous subrange, which 
we shall study in (c), the eddies are much smaller than the nonviscous subrange. Consider the 
case Where we have a £~' law, thus & is small and [” is large. Suppose that the Reynolds 
number is not sufficiently large, so that the viscous dissipation may become so important as 
to alter the tail portion of the £~' spectrum. Under such circumstances, for increasing wave 
numbers, the £°' law may pass over directly to the #-? law, without a noticeable portion of 
the £-*" law For very small Reynolds numbers, a larger part of the tail portion or even the 
whole of the / law may be affeeted, as could be observed in the turbulent flow in the close 


vicinity of a wall 





«) In the viscous subrange, the turbulent friction of turbulent viscosity 


| dk" Fei k” 


. 


is much smaller than the molecular friction. By differentiating (17) with respect to *, and 
by neglecting the turbulent viscosity compared to the molecular viscosity, we have 


)~ 2pk?h Ke I 14 K 3 rere if v ow (2/2) |, 
} Vik K € kK € OF; 


where ¢, is obtained by putting k= © in expression (17a 
The solution follows 


K - my FY — 
I é ] | 4 A , / 2» 1 LN 1 ( ? 2) , 
(9): l K € K € OF; ” 


For homogeneous and isotropic turbulence, the above formula degenerates to the Heisenberg 
formula [6] 

















Phe &£~* law follows from the assumption of the Heisenberg expression for ihe transfer function 
We see that the eddies in the viscous subrange of the spectrum are not effected by anv shear 
We shall con pare see fig. | the above results with the experiment il investigations in a 
irbulent boundar laver made by P.S. Klebanoff and Z. W. Diehl [11 It is to be remarked 


that the uve lable measurements give the spectral funetion for wu n the one dimensional 


analysis of the wave-number space, while the spectral function in the theorv refers to the 


energy u:/2 for the wave lumber magnitude in the three dimensional analysis of the wave 
number space \ssuming that the power laws for sufficiently large & remains unaltered by the 
transformation between the two kinds of spectral functions for the cases considered, we sec 
that the laws / i j agree with experiments respective lv for the following cases 

a Near the wall where the average s¢ ale of the primary motion ts small, there ts strong 
resonance between the primary motion and the turbulent motion If, moreover 


U's>2 1 dk’k’ F(k’ 


in the nonviscous subranywee the produ tion of turbulenes predominat s, and the sper tral law 


b Far away from the wall. and still not close to the rough edge of the boundary laver, the 
average scale of the primary motion is large, and the resonance is negligible If, moreove! 


in the nonviscous subrange, the transfe1 of energy among the eddies predominates, and the spec 
tral law is & 
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the eddies are under no circumstance effected by the shear 


If we consider as before a turbulent flow 
gradient write 
will not 


Ol';/Or., and 
production function will be absent in the energy equations for the u, 
k-* law which is 


Therefore, the spectra ol and 


production function 
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